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Abstract

The influence of a DC electric field on QHir flat flame characteristics was experimentallyestigated. To
understand the mechanism of the electric field influemtea flame a number of experiments were conducted:
measurements of the flame burning velocities using thieflaganethod, OH LIF measurements and measurements
of the flame emission spectra. Two alternative explanstwere proposed for an apparent increase in the burning
rate induced by the electric field with positive polarity

Introduction

Electric field is considered as a promising means f@xperimental
active control of combustion (in)-stability. Despipeat Figure 1 shows the schematic of the experimental
efforts, the mechanism of the electric field influemce set-up used in this work. The measurements were
the combustion chemistry is still under discussiorperformed in premixed atmospheric-pressure,/@H
Direct action of the electric field on the reactlonetics flames stabilized on the heat flux burner [8-10]. The
is possible via excitation of nitrogen molecules iflow rates of gases were controlled by calibrated mass
collision with electrons: Mv = 0) + e = N(v > 0) + e. flow meters. The electric field was applied between the
However, further steps of chemical activation are stiflat burner surface (grounded electrode) and an air-
unclear [1-3]. Energy transfer from excited nitrogemrooled flat positive electrode parallel to the burner
molecules could create an additional source of radicaarface. In comparison with the previous study [5], a
in the pre-flame zone, which initiate chain reatsi@nd construction of the upper electrode was changed.
thus accelerate the oxidation process as a whole. Timstead of a “hot” electrode (non-cooled grid made of
latest studies dealing with the influence of the electriplatinum wire), an air-cooled flat electrode (made of
field on the flame structure [4-6] favors a direct effgict stainless steel tubes with outer diameter of 1 mm) was
the electric field on chemical reactions via activatof used. Distance between the centers of the adjacent tubes
species due to collisions with electrons and ions. Theas equal to 2.5 mm.
numerical study [4] of the #O, flames shows that in
the presence of the excited oxygen in the fresh mixture,
increase in the laminar flame speed and the
concentrations of all main flame radicals is obsgérve
The singlet oxygen generation was confirmed in the
low-pressure discharge experiments with-h@lium
mixtures [7]. The numerical and experimental work
performed recently in our laboratory [5] suggests that ig =
the flat flame configuration the major reason of the (&= =
increase in the laminar burning velocity is the direct 4
effect of the electric field on chemical reactions via
activation of species due to collision with electramsl %
ions. Neither ionic wind, nor conversion of electric 12
energy into thermal energy, can explain these effects.
Starikovskii et al. [6game to similar conclusion in their
recent analysis of 1-D flame. They showed that withodtigure 1. Schematic of the experimental setup.
changes in the flame surface area, one-dimensiordalthe heat flux burner, 2) data acquisition box, 3) PC,
flame cannot accelerate or decelerate due to ionic wind) laser system, 5) beam splitter, 6) lens,7) photodiode,

In this paper, we extend our previous work by) spectrometer, 9) oscilloscope, 10) PC, 11) electrode,
studying the change in the adiabatic burning velocit$2) HV supply.
with application of the electric field (EF) as a fupot
of applied voltage, inter-electrode distance and Typical experimental procedure of determination of
equivalence ratio of methane/air mixtures. To gdhe adiabatic burning velocity using the heat flux
insight into the nature of the flame response to the Emethod was described elsewhere [9, 10]. The advantage
we study also the spectrally resolved radiation of tHef the air-cooled electrode is a suppression of its own

flames and the spatially resolved OH fluorescend@diation, therefore correction for radiation of thgper
signal. electrode made in our recent study [5] was not required.
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Most experimental data were obtained for positivavith increase of the voltage. However, increase of the
polarity, when upper electrode is positively charged andltage leads to increase of the energy of electrons and,
lower electrode is grounded. So the positive polarity it a certain point, this energy is sufficient to ionize
assumed in the following, unless stated otherwise. Tmeutral molecules in flame through the process called
maximum voltage applied was limited by electricabecondary ionization. Further increase of the voltage
breakdown and did not exceed ~ 5 kV. Correspondirigads to avalanche increase of the current and then to
maximum electric power was below ~ 0.5 % of thelectrical breakdown. All measurements (with electric
flame thermal power. The radial distributions of OHield) in the present work were carried out at voltages
concentration were measured using LIF. The burner andrresponding to the second increasing branch of the
the upper electrode were moved together using carrrent-voltage diagram.
precision positioner in steps of either 1 or 2 mm.

A Scanmatetunable dye laser (Lambda Physics)
pumped by second harmonic of a Spectra-Physic
Quantra Ray GCR-17Nd:YAG laser was used to
generate wavelengths near 308 nm, with pulse duratic
| ~ 10 ns, by mixing the dye output with the third
harmonic of the same laser. The laser beam was fibcus
in the flame using a quartz len§ £ 90 cm). The
Newport UV-enhanced silicon PIN photodiode was
used for monitoring the energy of the laser beam
before passing the burner. The laser pulse energies w
typically equal to 10-20 pJ to assure the linearity of thi
LIF signal. Figure 2. Typical current-voltage diagram for a flame.

The LIF measurements were performed on the _ . o
Ry(15.5) transition in the %&™-X?P (0-0) band near Most noticeable influence of the electric field on a
307.6 nm. The transiton has modest temperatufi@me is observed near the limit of electric breakdown
dependence at high flame temperatures. OHMWas found (see Figs. 3 and 4) that in this case applied
fluorescence was collected at a right angle by a quaglectric field leads to flame deformation (both in the
camera lens (Nikkon /4.5) and focused onto an Actddost flame-zone and in the reaction zone of the flame
Research Corporation SpectraPro 2150i spectrometgrgeneral, the flame front becomes a bit wider and the
(f/4, 5 nm/mm). The spectrometer with the bandpass dge of the flame locates closer to the burner surface
to 15 nm was centered at 318 nm. The fluorescence whan the central part of the flame. Thermocouples
detected by an Acton Research Corporation pD4;ygStalled in the head of the burner also Showed.tha.t the
photomultiplier. The transient fluorescence and lasé@mperature near the edge of the burner plate is higher
power signals was digitized and averaged over 500 ladB@n in its central part, therefore readings of the
pulses by a 300 MHz Lecroy 9361 oscilloscope with ghermocouple located near the edge of the burner plate
bit analog-digital converter, and were stored in ¥ere not taken into account for determination of the
personal Computer_ LIF Signa|s were normalized to t@labatlc burning VelOCity. Electric field a!SO induces a
measured laser beam energy. The vertical spatfévergence of the combustion products in the case of
resolution of the OH LIF measurements was estimat@®sitive polarity and convergence in the case of
to be better than 0.5 mm (the diameter of the beafgative polarity, which are clearly seen in the afse
waist). The horizontal spatial resolution was variednf ~Stoichiometric (Fig. 3) and rich flames. o
1 mm, when the radial profiles of OH fluorescence were It was recently reported [5] that application of
measured, to 5 mm for axial measurements. electric field led to increase of the laminar burning

The detection system used for the measurements\giocity of stoichiometric CHAIr flame. In order to
the natural flame emission was similar to that fod O characterize the global response of a flat flame ¢o th
fluorescence measurements. To achieve better spec@&ctric field, a change of the adiabatic burning velocity
resolution an Acton Research Corporation SpectraPt@S.) was measured over the range of equivalence ratios
500i spectrometer (f/4, 1.8 nm/mm) was used. Thésing the heat flux method. Yet, visual observations of
entrance slit of the spectrometer in this case waglgiaralean (Fig. 4) and rich flames revealed that reactiore zon
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to the burner surface. becomes wider when the EF is applied. Similar effect
was also found for stoichiometric flame, but much less
Results and Discussion pronounced. Relative increase in the surface of the

Typical current-voltage diagram for a flame isflame front for rich {=1.2 and 1.3) and leari<0.8)
shown in Figure 2. Three regions of the curve can B@mes was quite close to the measured relative iserea
distinguished. At relatively low applied voltage, currenin the flame burning velocity. It should be mentioned
increases with the voltage, unless the voltage is highat it is not easy to accurately measure the change in
enough to remove all charged particles, which ait@ie surface of the flat flame, as there is always a
formed in the flame. This corresponds to the beginnirfieedom in choosing of the flame boundary. It can mean
of the saturation region, where current does not chantfgt EF (through ionic wind) leads mostly to the change



in the surface of the flame front without actual img®e sufficient to explain the measured increase in the

in the burning velocity. But there is also anotherapti apparent burning velocity. Therefore both effects can be

deformation of the flame front by EF can be only a locgiresent at the same time.

effect, which is limited to the edge of the flame, where The distortions of the flow can be explained by the

EF is expected to be less uniform. action of volumetric electrical forces due to non-zero
overall electrical charge in the reaction zone andén th
combustion products (ionic wind). Observed effects of
the electric field on gas flow suggest that the positive
excess volumetric charge is formed when high voltage
is applied, regardless of the electric field direction. In
the case of positive polarity, the EF forces positivel
charged gas to move downward causing deceleration of
the gas flow and, as a consequence of the integral flow
continuity, the observed flow divergence. Conversely,
the observed flow convergence in the case of negative
polarity can be attributed to the upward acceleration of
positively charged gas by electrical force.

Overall distributed positive charge in the flame and
in the post-flame zone can be explained by the higher
mobility of electrons as compared to positive ions.
Electrons leave inter-electrode space faster than the
positive ions so that the excess of the positive iens i
formed. Electron-positive ion pairs may form due to two
main mechanisms: chemical and collisional ionization.
While chemical ionization is mostly restricted tceth
reaction zone, the collisional ionization may be
important in the combustion products zone either. In the
previous study [6] only chemical ionization was
considered as an important source of positive ions. The
results of the present work suggest, however, that
collisional ionization in the combustion product has also

Figure 3. Images of stoichiometric @kir flame: a) o be taken into account to explain effects of the etectr

without EF, b) with EF of positive polarity and c) it filed on the combustion products flow. Indeed, in the

EF of negative polarity. Distance between electrodes:@se of positive polarity, only downward drift of
mm. positive ions is possible, and if positive ions were

formed in the reaction zone only, they would not be abl
to reach upstream combustion products zone. As a
consequence, overall positive charge of the combustion
products could not be formed. At the same time the
observed divergence of the combustion products flow at
positive polarity of the applied electric field assuntes t
presence of positive volumetric charge.

In order to understand whether effect of increase of
the laminar burning velocity of a flat flame due to the
EF is present, and how applied EF influences flame
chemistry, a number of experiments, including OH LIF
measurements, measurements of the flame emission
spectra and measurements of the flame burning
velocities have been conducted.

The study of the influence of EF on the burning
velocity was performed for two distances between
electrodes (8 and 10 mm) and for four equivalence
ratios (0.8, 1.0, 1.2 and 1.3). In the processing of iesult
of these experiments, surface of the flame front was
Figure 4. Images of leanf£0.8) CHyair flame: a) assumed to be constant. Emphasis was made on
without EF, b) with EF of positive polarity. Distancevoltages close to the limit of electrical breakdown.
between electrodes: 8 mm. However, atmospheric pressure varied from day to day

and therefore the breakdown voltage was also different:

Moreover, in the case of stoichiometric flame itrsse
that increase in the surface of the flame front as n



14 Table 1. Maximum changes in burning velocity for

different equivalence ratios.
12 | '
© 10] ¢ Equivalenceratio | 0.8 1.4 12 1B
£ Maximum changein| 3.1 | 2.7 | 26| 2.3
z 081 ) Y burning velocity, cm/s
- Maximum changein| 12.1| 7.1| 7.6| 8.7
g 061 burning velocity, %
g 04 -
The emission spectra of flames influenced by the
0.2 1 electric field contain strong additional features of
0.0 | | | | | | excited nitrogen. However, emission of excited oxygen
07 08 09 1 11 12 13 14 O, (b ;‘) was not detected in flames subjected to EF. It
Equivalence ratio was found that for a given atmospheric pressure the
6% change in the burning velocity correlates well with the
radiation of excited nitrogen (near 380 nm) and the
506 | ‘ current through the flame.
S 4% ‘ OH fluorescence measurements
z To verify the origin of the laminar burning velocity
g 3% - increase, here we study the effect of the electrid 6a
= ® the OH radicals. Hydroxyl radical was chosen as a
B 2% . possible indicator of the flame chemistry respongbeo
9 | EF, because this radical is abundant in flames, has
relatively well-known molecular parameters, and is
0% | | | | | easily detected using LIF. The detailed flame

simulations performed under the assumption that the
power of the electric field was effectively converteaint
additional enthalpy [5] predict the increase of OH
Figure 5. Influence of EF on change of burning velocitgoncentration in the flame up to 3.5%. Although small,
(normalized to electric power) at different equivalencéhis expected increase could be detected using LIF. The
ratios: a) in cm/s, b) in %. Red squares — h=10 mm, bl@igaximum electric power consumed by the flame is
diamonds - h=8 mm. insufficient to change the flame temperature by more
than 1-2 K. Such a change alone will not affect the
the higher the pressure, the higher the breakdovilme OH concentration significantly; a possible g
voltage. As a result, different maximum voltages werts at most of the order of 1-2 %.
attainable from day to day, and, as a consequence, In total, three sets of OH fluorescence measurements
different values of the maximum change in the burningere performed: first - without electric field, second -
velocity have been obtained. Changes in the currewith electric field and the same gas flow, and third -
through the flame were also noticed. In order twith electric field and with an increased flow of thédco
generalize obtained data, the change in the burniggses (corresponding to the new burning rate). Inter-
velocity was normalized to the total electric powkr. €lectrode distance in these experiments was equal to 10
was already shown in [5] that there is linear relatiomm. Since the major goal of these measurements was to
between the change in the burning velocity and electrigveal correlation between the electrical field and O
power. It should be mentioned, however, that in [3joncentration, only relative OH measurements were
electric power was calculated using values of voltag@grformed.
which drops between the flame front and the burner 4
surface (not the values of total voltage applied asénth 35 g o s
present work). Figure 5 shows that for a giveng | .
equivalence ratio the change in the burning velocity ise ¢
determined by the total electric power delivered to the8 %° |
flame. Even the data obtained for different distances; 21
between electrodes correlate well. Similar pictures wa % 154 o
obtained when the change in the burning velocity wag§ ;| * @ fewdon
expressed in percents. The maximum changes in th¢ | ©field on SL up
burning velocity obtained for different equivalence ¢
ratios are summarized in Table 1. The maximum effect 1 5 5 . 5
was found for the lean flamé=0.8) and comprised 3.1 Distance from the burner (mm)
cm/s (12.1%). Figure 6. Fluorescence axial profiles measured in the
stoichiometric flame.
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Figure 6 shows three OH fluorescence axial profilegrofile contains core region with constant OH
measured in stoichiometric methane/air flamdluorescence signal (and, apparently, temperature and
Comparison of the first and second profiles (with an®H concentration) extending more than 10 mm from the
without electric field) shows that application of theaxis. The core regions are surrounded by a mixing layer
electric field leads to the small shift of the OHclose to the edges of the burner, where OH fluorescence
fluorescence profile to the burner surface and to thidecreases, following the decrease in the OH
decrease of the OH fluorescence signal after the flamencentration and flame temperature [11]. The
front by less than 10 %. Such a behavior is undoubtedifference in the value of OH fluorescence signal in the
due to the decrease of the flame temperature. There regions of these two profiles is obviously due to the
decrease of the flame temperature results in the decremreased heat losses to the burner induced by
of the OH concentration, and, consequently, in thapplication of the electric field, see the discussion
decrease of the OH fluorescence signal. However, thbove.
origin of the flame temperature decrease is not obvious. ..
One possible explanation is that the application of the
electric field leads to the increase in the adiabatic.
burning velocity of the mixture. Since the flow rate of & 0.25 |
the cold gases is now less than the new adiabati§ > |
velocity of the mixture, the flame attempts to progaga $
downwards, heat losses to the burner increase, and t@eo'lsf
flame stabilizes at lower temperature and at closef 011
distance to the burner. Another possibility is that th © o.0s o fieldon
flow divergence in the reaction and pre-heat zones leads .
to the shift of the flame towards the burner and, as a 5, 45 44 10 -6 -2 2 6 10 14 18 22
result, to the decrease in flame temperature. Radial distance (mm)

The decrease in the OH concentration is a maj@lgyre 7. Radial profiles of OH fluorescence signal with
factor behind the OH fluorescence signal. The OHnd without eclectic field at height of 5 mm from the

fluorescence is proportional to the OH concentratiog,iner surface for the flame with= 1.0 andS = 37.5
and to the temperature-dependent factor, which $,/s.

determined by the number density, the Boltzmann

population of the initial state, the rates of quenchingpe large difference (up to 15%) in the width of these
processes and the spectral overlap between the laser regions is in agreement with the visual
absorption linesThe transition used in this work hasgpservations. Application of the electric field insea

modest temperature dependence, the OH  sign@fhsiderably the core region of the flame. It should be

increases by less than 15% with the temperatufgyen into account that the divergence of the combustion
increase from 2000 K to 2200 K (calculations Weregroducts is accompanied by a flow velocity

performed following Ref. [11]). The flame temperaturgjeceleration, which, in turn, leads to the decreaskeof t

decrease is estimated to be about 30 K. The estimat@m fluorescence signal. To get an idea on the

was performed numerically using PREMIX code frompagnitude of the decrease we simulated the observed
the CHEMKIN I package [12] and GRI-Mech 3.0fiame pehavior by introducing the dimensionless
mechanism [13]. The flame temperature was calculat@@ective cross section in the one-dimensional
as a function of the mass flux of the gases for the-neggcyjations. The calculations showed that increase in
adiabatic flames. The flame temperature decrease Was gimensionless flame area by ~10% at height of 5
estimated using this data and taking into account thgm pyings about 3-4 % decrease in OH concentration
difference between the measured adiabatic burningnstream. The value of the decrease is of the same
velocities of the methane/air mixture with and withoupger of magnitude as the value of the expected effect of
electric field. _ ___the electric field on the OH concentration.

The increase in the flow rate of the cold mixture Thus the OH LIF measurements do not allow us to
(line 3 in the Fig. 6) results in decrease of the heglake any conclusion on the effect of the electricfiel
losses from the flame to the bumner. Thus the flamg, the flame chemistry. The expected rise in the OH
temperature restores. Figure 6 shows that the inciease ,ncentration is masked by the shrink of the OH
the flow rate also restores the OH fluorescence profily ofiles caused by the divergence of the combustion
(it coincides with the profile measured without eliectr products. To minimize the effect of the divergence on
field). The measurements conducted for the rich flamge axjal OH concentration, the experiments are planned

(#=1.3) demonstrated similar behavior.  to be performed on the burner with a larger diameter.
The radial profiles of the OH fluorescence signal

measured in stoichiometric flame with velocity of thecgnclusions
cold gases of 37.5 cm/s with and without electric field Application of a DC electric field to the flat flame

(first and second lines) are shown in Figure 7. Thesgqyces changes in the shape of the flame (in particular,
profiles were measured at a height of 5 mm from tha the flame front surface). However, it is not clear
burner surface. As can be seen in Figure 7, each radjf{ether it is a global or only local effect (limiteal the

0.3 1

-4~ field off -




edge of the flame). Therefore the observed increase in
the apparent burning velocity may be attributed either to
real increase in the adiabatic burning velocity or to
increase in the surface of the flame front. However, it
was found that increase in the apparent burning velocity
induced by the EF correlates with the total electric
power. The maximum increase in the adiabatic burning
velocity (if exists) can reach 12%. The OH LIF
measurements could not provide any indication of the
EF influence on flame chemistry. The change in the
flame shape (divergence of the combustion products)
induced by the EF masks possible effect of the electric
field on OH concentration. It is expected that further
experiments with burners of different diameter can help
to verify hypothesis of the flame chemistry modificatio
by electric field.

Acknowledgements

This research is supported by the European Marie
Curie  Research  Training Network (project:
“AETHER").

References

[1] A.B. Fialkov, Prog. Energy Combust. Sci. 23 (5—
6) (1997) 399-528.

[2] A.Yu. Starikovskii, Proc. Combust. Inst. 30 (2005)
2405-2411.

[3] D.A. Yagodnikov, A.V. Voronetskii, Combust.
Explosion Shock Waves 31(1) (1995) 37-41.

[4] A.Bourig, D.Thevenin, J-P. Martin, G.Janiga,
K.Zahringer, Proc. Combust. Inst. 32 (2009) 3171-
3179.

[5] J.D.B.J. van den Boom, A.A. Konnov, A.M.H.H.
Verhasselt, V.N. Kornilov, L.P.H. de Goey, H.
Nijmeijer, Proc. Combust. Inst. 32 (2009) 1237-
1244.

[6] A. Starikovskii, M. Skoblin, T Hammer, in: Proc.
46 AIAA Aerospace Sciences Meeting and Exhibit
(2008) 1-20.

[71 A.Bourig, V.Lago, J.P. Martin, et al.,, Int. J.
Plasma Envir. Sci. Technol. 1 (1) (2007) 57-63.

[8] L.P.H. de Goey, A. van Maaren, R.M. Quax,
Combust. Sci. Technol. 92 (1993) 1-3.

[9] K.J. Bosschaart, L.P.H. de Goey, Combust. Flame
132 (1-2) (2003) 170-180.

[10] I.V. Dyakov, A.A. Konnov, J. De Ruyck, K.J.
Bosschaart, E.C.M. Brock, L.P.H. de Goey,
Combust. Sci. Technol. 172 (2001) 81-96.

[11] A.V. Sepman, V.M. van Essen, V.V. Toro, A.V.
Mokhov, and H.B. Levinsky, Second European
Combustion Meeting (ECM) Paper no. 65 (2005).

[12] R.J. Kee, F.M. Rupley, and JA. Miller,
CHEMKIN II: A FORTRAN Chemical Kinetics
Package for the Analysis of Gas-Phase Chemical
Kinetics, Sandia report SAND89-8009.

[13] G.P. Smith, D.M. Golden, M. Frenklach, N.W.
Moriarty, B. Eiteneer, M. Goldenberg, C.T.
Bowman, R. Hanson, S. Song, W.C. Gardiner, V.
Lissianski, and Z. Qin, Gas Research Institute
(2000)www.me.berkeley.edu/gri_mech/




