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Examination of ionic wind and cathode sheath effects in a E-field premixed

flame with ion density measurements
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(Received 25 August 2015; accepted 18 March 2016; published online 8 April 2016)

The effect of the ionic wind on a premixed methane-air flame under a DC electric field is studied
via mapping of the ion density with Langmuir probes. lon densities were observed to increase near
the burner with increasing electrode voltage up to 6 kV. Past this electrode supply voltage, ion den-
sities ceased increasing and began to decline in some locations within the premixed flame. The
increased ion density is caused by an increase in ionic wind force and cathode sheath thickness.
The plateau in density is due to the cathode sheath fully encompassing the flame front which is the
ion source, thereby collecting all ions in the flame. The spatial density data support the ionic wind
hypothesis and provide further explanation of its limits based on the plasma sheath. © 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945614]

. INTRODUCTION AND BACKGROUND

Hydrocarbon flame sensitivity to electric fields has been
the subject of extensive study for several decades. Research
published by Wilson' demonstrated that hydrocarbon flames
have electrical properties which can be manipulated though
external fields. Later investigation led to the formulation of
the ionic wind hypothesis to explain the observed changes in
the flame. Lawton and Weinberg® expounded this hypothesis
and provided calculations of the maximum pressures exerted
by the ionic wind upon the flame. Current research efforts
into this phenomenon, known as plasma-assisted combustion
(PAC), have demonstrated significant promise for the devel-
opment of more efficient combustors. Ganguly® demon-
strated that an electric field can sustain combustion in an
ultra-lean Bunsen burner flame when it would otherwise
quench. Liu e al.* also describe this occurring, along with
an increased rich flammability limit for propane flames.
Similar results were reported by Kim ez al.,’ who reported
significant increases in the flame’s blowoff velocity, and
Volkov et al.,’ who described the electric field’s ability to
counteract thermoacoustic instabilities. Other effects of in-
terest include an observed reduction in soot and pollution’™
as well as changes to the flame speed and temperature profile
of the flame.*'%'? Typically, these observations are con-
ducted using a positively biased electrode, but significant
changes to the flame speed have been observed with nega-
tively biased electrodes as well."® Furthermore, changes to
properties, such as flame speed, were observed with an input
electrical power of a few Watts,'*-14-1¢

Two primary hypotheses exist to explain how an electric
field affects the combustion process. The first is the ionic
wind hypothesis, which proposes that the changes in flame
behavior are linked to a stream of ions pushed by the electric
field. The changes in the flame are then brought about by ion-
ion and ion-neutral collisions. The collisions transfer the
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energy gained from the electric field from electrostatic accel-
eration into increased neutral particle momentum. Momentum
exchange from electron collisions is typically ignored due to
the mass difference between electrons and ions or neutrals. A
majority of research into electric field modified flames credit
the ionic wind as either the sole explanation or a significant
contributor to the observed flame changes,S’G’g’”’18 even in
flames without a hydrocarbon fuel.'” Recent research has
proposed modifications to the ionic wind hypothesis to better
account for the influence of anion collisions.”> A competing
hypothesis states that the observed flame changes are
chemistry-driven instead of momentum-driven. The maxi-
mum pressure exerted by the ionic wind as catalogued
by Lawton and Weinberg® was 0.0004 atm. Marcum and
Ganguly' argue that this is an insufficient pressure to account
for some of the more significant changes to the flame. Instead,
the electric field’s effects on the flame are ascribed to the ions
being forced towards the flame’s preheat zone. Ions then
undergo dissociative recombination with electrons and pro-
duce combustion radicals such as OH.'® The new radicals can
then react with the fresh fuel/oxidizer mix and initiate chain
branching or propagation reaction that, for example, increase
flame speed. This mechanism is supported by later work by
Marcum, Ganguly, and Wisman™>'%'* as well as Boom et al.'!

In this paper, we address the effect of the ionic wind in a
premixed flame based on the growth of the burner plasma
sheath. Experimental measurements of the ion density profile
are compared to theoretical calculations of the sheath thick-
ness. The goal is to explain why ion densities change in
response to an electric field and compare the results against
the predictions of prior hypotheses.

Il. EXPERIMENTAL SETUP

The experimental apparatus consists of a cylindrical
burner with a gridded surface, a high voltage DC power sup-
ply, a source-meter, a DAQ system, a single filament
Langmuir probe, and a linear two axis stage used to auto-
matically traverse the Langmuir probe through the flame.

© 2016 AIP Publishing LLC
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The Langmuir probe is biased to —5V by a Keithley 2410
source meter before being maneuvered into the flame. Data
collection is managed by an Agilent 34972 DAQ system. Ion
current measurements are derived from measuring the volt-
age across a 10MQ resistor and applying Ohm’s law. A
schematic of the experiment is shown in Figure 1.

The burner is based on the flat flame burner design of
Hartung es al.'® but runs without the shielding gas. The
burner made from a naval brass cylinder with an inner diam-
eter of 4.75cm and is 7.62 cm long to allow for the reactants
to become well premixed. Steel wool is placed at the bottom
of the chamber to promote reactant mixing. The burner sur-
face is a sheet of perforated brass with 0.50 mm diameter
holes with a 22% open area fraction. The burner grid curves
slightly when exposed to the flame and so is not perfectly
flat. A 1/4in. copper tube is soldered around the burner lip
and connected to a water pump to cool the burner.

The positively biased electrode positioned 7.62 cm above
the burner surface was used to generate the DC electric field
between the electrode and the burner. This electrode polarity
was chosen because the majority of previous work with elec-
tric field modification of hydrocarbon flames uses a positively
biased electrode downstream of the flame and because the op-
posite polarity has not consistently been shown to have signif-
icant effects on the flame. The burner is thus the cathode and
is connected to the true earth ground along with the high volt-
age DC power supply (Matsusada AU-10P60 series). The
electrode used for this purpose is a 7.78 x 7.78 cm grid elec-
trode made from perforated steel sheet. It is connected to the
high voltage DC power supply, which provides a bias up to
10kV and is current limited to 60 mA during the experiment.
This configuration produces a range of reduced electric field
values up to 38 Td.

Methane is used as the fuel and compressed air as the
oxidizer. Methane is used due to the extensive body of
research on methane flames, and because hydrogen flames
do not produce a sufficiently large number of ions without
doping. Control of the equivalence ratio, the ratio of oxidizer
to fuel compared against the oxidizer to fuel ratio of a
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FIG. 1. Experimental setup.
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stoichiometric flame, is achieved through the use of two
MKS 2179 mass flow controllers. The mixture ratio was
maintained at stoichiometric. The total flow rate entering the
burner was 7.53 SLM.

The Langmuir probe used to obtain ion density measure-
ments is constructed from a 0.13 mm diameter tungsten wire
placed in a 1.6 mm outer diameter alumina tube and oriented
perpendicular to the flame’s center axis. The active length of
wire protruding from the tube is 4.7 mm long. Additional
copper wires are placed inside tube to hold the tungsten wire
in place and provide electrical connection. The wire is then
connected to the Keithley 2410 sourcemeter, which is used
to apply a bias voltage to the probe. Measurements are taken
from the edge of the burner to centerline, under the assump-
tion of an axisymmetric flame. At each point, a minimum of
100 voltage readings are taken and averaged to produce a
statistical average. After all measurements have been col-
lected, the probe is removed from the flame to allow it to
cool before moving to the next location. The removal of the
probe from the flame to cool was necessary in order to
reduce the error and to extend the life of the probe. A flame
exposure time test indicated a probe exposure time of <6s
prevented significant changes to the probe characteristics
and allowed repeatable measurements. These steps are com-
pleted at progressively higher vertical positions until the
maximum height of 5mm above the burner is reached. A
summary of the experiment’s range of values is shown below
in Table L.

lll. RESULTS
A. Flame temperature measurements

Reactants are premixed before reacting, so the majority
of combustion occurs within a narrow region just above the
burner surface. This is the premixed flame. However, not all
of the fuel will react before escaping the premixed flame.
The remaining fuel mixes with ambient air downstream of
the premixed flame and causes a secondary flame to form
just above the premixed flame. This is the diffusion flame,
and it is typically much larger than the premixed flame. This
work is primarily concerned with the premixed flame which
has a height of ~5 mm above the burner surface.

Flame temperature was measured with a 1/16 in. diameter
Inconel sheathed, ungrounded, type K thermocouple placed in
the center of the premixed flame. The thermocouple sheath
was connected to an external ground to prevent interference
from the electric field. Thermocouples are subject to signifi-
cant radiative heat losses, so it is necessary to apply correc-
tions in order to obtain the actual temperature. One approach

TABLE I. Experimental test matrix.

Equivalence ratio 1.0
Supply voltages 0-10kV
Radial probe positions 0-23.77 mm
Radial step size 0.91 mm
Axial probe positions 0-5mm
Axial step size I mm
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is to equate the convective transfer to the thermocouple to its
radiative losses. This takes the form

h(Ty —Trc) = ea(T7e — T3,), (1)

o0

where h is the convection coefficient, Ty is the flame temper-
ature, Trc is the thermocouple temperature, T, is the free-
stream air temperature, ¢ is the emissivity coefficient of the
thermocouple, and ¢ is the Stefan-Boltzmann constant.

The thermocouple reads 1123 K at steady state for stoi-
chiometric combustion. Using the properties of air and follow-
ing the approach taken by Brundage ef al.,* Eq. (1) yields a
corrected temperature of 2153 K in the unmodified flame with
no electric field. The burner’s thermal power can be obtained
from the volumetric flow rate and the heating value of meth-
ane which is taken as 37710kJ/m’. Using a flow rate of
7.53 SLM, the burner thermal power is 4.75 kW as designed.

B. Langmuir probe analysis

Methane flames have over 300 elementary reactions,
many of which produce ions. A list of methane elementary
reactions which produce ions in lean and stoichiometric
flames and plots of the ion concentrations can be found in
Prager et al*' and Goodings et al.** The dominant ion
according to both is H;O™, followed by CHO" and C,H;0™.
However, the concentration of H;O" is almost a full order of
magnitude larger than either of the other two species. Thus
for simplicity H3O" can be treated as the representative ion
for the purposes of determining ion properties.

Using this assumption, it is possible to obtain ion con-
centrations from the ion current. For cylindrical probes with
thick probe sheaths, Clements et al.*® provide the following
equation for the ion density

1 s 1
i = * —, 2
n (5,3(eoui)0'25V2‘57”,(,)'251p> oU 2

where n; is the ion density, I is the current, ¢, is the permit-
tivity of free space, p; is the ion mobility, Vy, is the probe
bias, 1, is the probe radius, 1, is probe length, e is the elemen-
tary charge, and U is the flow velocity. The ion mobility is
assumed to have the mobility of H;O0", which is
8.4 x 10 *m%Vs.?* The flow velocity is calculated to be
0.369 m/s, which is typical of methane flames at the equiva-
lence ratios measured in the present work.

The Langmuir probe must be operating in the sheath-
convection regime in order for Eq. (2) to be valid. In this re-
gime, the conditions Re()oclz, 7> > 1 and Re()oc]% < 1 must be sat-
isfied. If the sheath is to be treated as thick, the condition
opy > 1 must also be satisfied. A detailed discussion of this
is provided by Smy,* who defines these quantities as follows:

2r,Ue
Re, =~ — 3
¢ :uikTe ( )
AD
oy = —, (4)
P r
eV,
1= (5)

kT,’
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where Re, is the electric Reynolds number, 4p is the Debye
length of the form +/€okT, /n €2, o, is the ratio of the Debye
length to the probe radius, y is the dimensionless potential, k
is the Boltzmann constant, T, is electron temperature, and n.
is the bulk ionization density.

For this analysis, the electron temperature is assumed
equal to the flame temperature and the ion mobility is
assumed constant for the range of electric fields presented. A
bias of —5V was chosen for this analysis in order to ensure
that the Langmuir probe was operating in the regime of com-
plete ion saturation while not be so large as to start collecting
significant numbers of ions far from the probe surface. As
shown in Table II, these conditions also satisfy the condi-
tions required to be operating in the sheath-convection
regime. Under these conditions, the product o,y is greater
than 1, so the sheath must be treated as thick.

C. lon density measurements

A distinct pattern emerges for ion densities in the pre-
mixed flame, as shown in Figure 2. Ion density is very low
near the edge of the burner but generally increases closer to
the flame’s center axis. Applying the electric field greatly
increases the ion density within the premixed flame, peaking
at a supply voltage of 6kV, and then declining as the field
strength increases. The same pattern is repeated in Figure 3,
which tracked ion densities 5mm from the burner. Ion den-
sities do increase, but the peak occurs at a supply voltage of
4KkV instead.

The set of gradient maps in Figure 4 show the ion density
profile of the premixed flame. The solid black line is the ap-
proximate location of the premixed flame. The flame, in gen-
eral, shows high concentration of ions along the surface of the
burner grid near the flame’s center axis, as well as between
5Smm and 10 mm from the burner edge. Increasing the electric
field strength causes an order of magnitude gain in the ion
density in both locations. Whereas the unmodified flame has a
maximum ion density of 2 x 1016m_3, this increases to
1 x 10" m™2 under a supply voltage of 6kV. This is accom-
panied by a significant loss of ion density outside of the pre-
mixed flame, particularly at supply voltages above 6 kV. This
suggests downstream ions are being moved to the burner.

D. Error analysis

Uncertainties in the physical aspects of the system were
either determined by measurements or by manufacturer spec-
ifications. The tungsten filament had an uncertainty in a di-
ameter of =0.0019 mm, while the probe length had an
uncertainty of 0.025 mm. Uncertainty in the Velmex position
was determined by the minimum step size of each axis. The
horizontal minimum step size was 0.025 mm, while the verti-
cal minimum step size was 0.0064 mm.

TABLE II. Electric characteristics of the probe.

Re,22y? 24.047
Re, o 0.033
o 8.737
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Uncertainties for the stoichiometric flame are shown in
Table III. The uncertainties calculated here show both a spa-
tial dependence and a voltage dependence similar to the
mean ion densities in both locations. At 0 mm, uncertainties
tend to be very similar, regardless of electrode supply volt-
age, although some variability is present. This is not the case
at 5mm, where the uncertainty of the probe sometimes
exceeds 100%. This can be attributed to the probe registering
positive currents during operation when it should be register-
ing only negative currents. Close to the boundary of the pre-
mixed flame, therefore, the Langmuir probe may have
accuracy problems in a strong electric field.

Probe integrity presents another possible source of error.
Long term exposure to plasmas with high energy ions has
been observed to cause sputtering damage to the surface of
Langmuir probes, leading to portions of the probe becoming
nonconductive,”® thereby reducing the effective surface area
and altering the current-voltage response. The limited time
period of exposure to flame (<6s per location), combined
with the low energy of ions in the flame, should mean that
sputtering damage is not a concern for this work.

While material deposition on the probe surface from the
combustion products presents another possible source of error,
as the measurements were taken primarily within the reactant
region or just downstream of the premixed flame front, the
presence of soot or other solid combustion products is minimal.

Distance from edge, mm

(b)

The most likely deposited material is carbon, which due to its
conductive nature would increase the surface area of the probe.
This can cause the ion density to be over-calculated. However,
no obvious deposits were observed on the probe, only some
discoloration of the tungsten due to the heat. At most, there
could be a layer of carbon a few um thick which would
increase the effective surface area by only a few percent. This
would not account for the magnitude of changes observed in
the results. As the results show, the ion density increases then
plateaus, as opposed to a continual increase if a significant
layer of carbon was deposited during data collection.

It should be noted that a detailed chemical or micro-
scope examination of the probe tip was not done and the na-
ture of the discoloration is not fully known. The surface
discoloration of the probe may be due to carbon deposition
as noted, but the carbon state is not clear and can cause dif-
ferent behaviors. For example, graphitic carbon is highly
conductive, while amorphous carbon is not. Thus, the
unknown nature of the surface may contribute to the uncer-
tainty in the measurements.

IV. DISCUSSION
A. Comparison with literature

MacLatchy?* provides a list of prior attempts at meas-
uring ion density using physical instruments, the majority of
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FIG. 4. Gradient map of ion densities. The solid black line represents the premixed flame. (a) Vss =0kV. (b) Vss =6kV. (¢) Vss=10kV.

them Langmuir probes. The closest match to our experiment
comes from Wortberg®’ and Goodings e al.,”® both of whom
measured the ion density in a methane-air flame at atmos-
pheric pressure. Wortberg measured a maximum density of
1.6 x 1016m73, and Goodings et al. measured 4 x 10°m—3,

TABLE III. Uncertainties in Langmuir probe measurements.

Uncertainty percentage of
mean at 0 mm (m73)

Uncertainty percentage of
mean at 5 mm (m73)

MacLatchy uses a propane-air flame and records a maximum
ion density of 4 x 10'"m >, a full order of magnitude above
both Goodings et al. and Wortberg. Direct numerical simula-
tions of methane-air flames by Belhi er al.?° and Prager
et al*! report very low peak ion densities of 1.3 x 10'm .
The plateau in change to the ion density, as seen in Figures 2
and 3 are similar to the work of Karnani and Dunn-Rankin,'?
who observed the same effects at a similar electrode supply
voltage using a non-premixed flame.

Data in the present work agree very well with the find-

Vi =0kV 17.9% 18.7% ings of previous authors. Discrepancies in ion density val-
V. =2kV 35.8% 39.9% . . . .

ues are likely due to different experimental configurations.
V,=4kV 24.4% 19.2% . . X

For example, previous investigators have used square
Ve =6kV 22.3% 67.7% o4 ) 10
V. — 8KV 20.3% 148% Bunsen burners,”™ Perkin-Elmer burners, and nozzle-type
V. —10kV 20.4% 251% burners,” which can alter the distribution of particles.

Additionally, ion densities from Belhi er al. and Prager
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et al. trend lower due to the authors using a simulation with
a very lean flame.

B. Assessment of mechanisms affecting ion behavior
1. lonic wind effects

Ton densities near the burner begin increasing as soon as
the electric field is applied, which is accompanied by
decreases in the ion densities downstream of the flame. As
prior authors have explained, this is the result of the ionic
wind, which acts as a body force on the ions within the
plasma. Ionic wind strength can be quantified by calculating
its force density, represented as the quantity f. This equation,
as described by Lawton and Weinberg,” takes the form

f = Een;. (6)

Here, the force density is a linear function of the electric
field, thus a stronger electric field should produce a stronger
ionic wind and lead to a higher ion density.

The ionic wind force density associated with the results
of the present work is shown in Figure 5, which is calculated
using the ion density and electric field measured at O mm.
Tonic wind force density increases as more voltage is applied
to the electrode as is expected. The force density shows rapid
growth up to 6kV. This is consistent with the expected
results of Eq. (6), as well as the rapid surge in ion density
near the burner. The ionic wind is therefore a significant fac-
tor in promoting ion density growth up to an electrode supply
voltage of 6kV. Dividing the force density by the electrode
supply voltage yields the ionic wind efficiency. Here, the
ionic wind efficiency ranges from 1.01Nm V™' to
2.15Nm * V', with an average value of 1.52Nm >V '

2. Cathode sheath effects

Since the ionic wind increases in strength with electric
field, it would be anticipated that the ion densities would
continuously increase. However, ion densities cease increas-
ing after 6kV has been applied to the electrode. In some

12000 : - ; .
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Electrode supply voltage, kV

FIG. 5. Ionic wind strength expressed as a force density. The force density
is calculated using the ion density and electric field near the burner surface.
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locations within the flame, the ion densities continue to
decrease past 6kV. Neither should occur if the ionic wind is
the only direct influence on ion densities. Additional influ-
ences upon the chemiionized plasma must therefore be
considered.

One explanation for the ions not increasing is through
the influence of the cathode sheath. The cathode plasma
sheath is a boundary condition which exists between the
bulk plasma and the cathode since the two are not held at
the same potentials. Here, the bulk plasma is positive,
around the biased voltage, and the cathode is a ground, so
the cathode sheath has a very strong negative voltage gradi-
ent. Since the ionic wind is a function of electric field, this
has the effect of making the ionic wind stronger in the
cathode sheath than in the bulk plasma. The strong voltage
gradients trap ions within the cathode sheath once they
enter it. In conjunction with the ionic wind, the cathode
sheath explains why the ion densities tend to concentrate so
strongly, even though diffusion should prevent this from
occurring.

The size of the cathode sheath in a flame plasmas is
described by Xu,”® and more generally for collisional plas-
mas by Sheridan and Goree.>' For a collisional plasma, the
collision parameter o, must be >1, where o, is defined as the
ratio of the Debye length to the ion-neutral mean free path

D

bl )
AMFP

Ao = (N
and the ion-neutral mean free path is defined as the inverse
product of the ion-neutral momentum transfer cross-section
and the bulk ionization density

Aagre = . ®)
on
Momentum transfer cross-sections for H;O™ collisions are
not available, so the N,-N," cross-section will be used
instead. Assuming an electron temperature equal to the
flame temperature, the momentum transfer cross-section is
141 x 10 "¥ m>.??
The approach taken by Xu describes the cathode sheath
thickness for a collisional plasma as

s00 21"
_ 5 500 ¥
b=7p l243 oc(.u%] ’ ©)

where the dimensionless potential of the sheath y, is based
on the sheath potential drop, the non-dimensionalized ion
speed at sheath entry ug is ~1, and the collision parameter o,
is 154 for this plasma. For these conditions, the sheath thick-
ness is plotted as a function of electrode supply voltage in
Figure 6. Here, the cathode sheath thickness starts to encom-
pass the 5 mm tall premixed flame after a 4 kV potential has
been applied. After 6kV has been applied, the cathode
sheath encloses both the premixed flame and a small segment
downstream of it. Ions densities fall off rapidly downstream
of the premixed flame, with many ion species either com-
pletely disappearing or becoming significantly reduced.**
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FIG. 6. Cathode sheath thickness growth as a function of electrode supply
voltage assuming electrons are in thermal equilibrium with the flame. The
sheath thickness outgrows the flame height by the time the electrode supply
voltage reaches 4kV.

3. Electron impact dissociation effects

Electron impact dissociation, wherein electron impacts
with neutrals cause dissociation, is another possible con-
tender for processes which influence flame behavior. The
process has been observed in gases which would be abundant
in hydrocarbon flames, including CH,** and N,,** and previ-
ous work™>!! has identified impact dissociation as a source of
combustion radicals. In order for electron impact dissocia-
tion to take place, electrons must have sufficient energy. In
many experiments, the minimum energy required for this to
be nontrivial is 12 eV. Assuming electrons are produced with
a temperature equivalent to that of the flame, insufficient
energy would be available, since this leaves electrons with
an energy in the order of 0.2¢eV. The electric field inside the
sheath would be sufficient for electrons to acquire the
required energy to induce impact dissociation. However, the
sheath is electron-repelling, and a majority of electrons are
produced within the flame before being pushed downstream.
Electron impact dissociation would potentially be a mecha-
nism of interest, but its effects would largely be confined to
regions downstream of the premixed flame and thus would
not strongly influence the premixed flame, if at all.

4. Summary

Based upon these results, changes in ion density within
a flat flame follow a distinct pattern controlled by the
strength of a positive DC electric field and the growth of the
cathode plasma sheath. At low voltages, the cathode sheath
is thin and affects a small volume of the plasma. The electric
field within the bulk plasma is small but sufficient to gener-
ate the ionic wind and push ions to the sheath. As ion pro-
duction in a flame is through a chemical process which is
largely independent of the electric field, there is a constant
rate of ions entering the plasma. The ions will also diffuse
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both upstream and downstream of the flame front, though the
density will be higher downstream due to flow convection.
The ionic wind thus depletes the downstream ions and moves
them upstream towards the burner. With increased voltage,
the cathode sheath grows, encompassing a larger volume and
thus a larger portion of ions are subjected to the high electric
field within the sheath, further pushing ions towards the
burner. Eventually, the sheath grows thick enough to encom-
pass the flame front where chemiionization and ion produc-
tion occur. At this point, the ion source is inside the sheath
and all ions that are produced are pushed to the burner. The
sheath can grow a little more to collect the ions convected
downstream by the flow. At this point, all ions are subject to
the large sheath fields and further increases in voltage should
not result in further increase in the ion density.

One final point to consider is the inverse ion gradient
inside the sheath. In common low-pressure, uniform, volu-
metric plasmas, the ion density decreases closer to the sur-
face or electrode. This occurs due to mass conversation
requiring the flux, nv, in the sheath be constant. Thus inside
the sheath as ions are acceleration and v increases, n must
decrease. However, the densities measured here indicate the
opposite, namely, the ion density is largest closer to the
burner surface. This can be attributed to the two factors of a
non-uniform plasma and high collisionality. Ion production
in a flame is fixed at the flame front, which does not move
here. The produced ions will diffuse both upstream and
downstream of the flame front, though flow convection will
greatly increase the ion density downstream. Thus as the
cathode sheath grows toward the flame front, the ion density
and thus flux at the sheath edge is not uniform and actually
increases, assuming ions always enter the sheath at the
Bohm velocity. This will result in a continual increase in the
flux and thus density in the sheath. Second, the highly colli-
sional nature of the flame plasma means the ion velocity is
much lower than their low-pressure counterpart. The ion-
neutral mean free path is in the order of 0.3 um, much
smaller than the sheath thickness. As ions move upstream
from the hot flame to the colder reactant flow, the lower tem-
perature and slightly higher pressure will further increase the
neutral density and thus collision rate. This all combines to
significantly reduce the ion velocity in the sheath as they
move closer to the burner. Thus just by conversation of
mass, the density must increase to compensate, in addition to
the ionic wind pushing more ions toward the burner.

The observed decrease in ion densities above 6 kV can-
not be fully addressed at this time. The dissociative recombi-
nation hypothesis proposed by Marcum ef al. offers a
reasonable explanation for why ion density may decrease,
since dissociative recombination consumes ions. However,
that is not the focus of the present work.

V. CONCLUSION

A steady DC electric field was applied to a flat,
methane-air flame under stoichiometric equivalence ratio.
Ion densities were measured using a single wire Langmuir
probe and high-pressure Langmuir probe theory. The data
indicated that ion densities greatly increased with the
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electrode supply voltage near the burner at the expense of
ion densities downstream of the flame. This growth was
attributed to the increasing ionic wind strength, which moved
ions towards the burner and the growth of the burner plasma
sheath. Ton density growth continued until the electrode sup-
ply voltage reached 6 kV, at which point ion densities ceased
growing and started to decline in some locations. This was
attributed to burner sheath encompassing the entire premixed
flame and a significant proportion of the ion-containing
space downstream of the premixed flame once the electrode
supply voltage exceeded 6 kV. Comparatively few ions per-
sist further downstream, thus ion density growth ceases due
to fewer ions being trapped by the expanding cathode sheath.
The results provide further support for the ionic wind effect
as a dominate mechanism in electric field modified flames,
and additionally, show the impact of the plasma sheath on
the limit of the effect.
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