
THE SZEWALSKI INSTITUTE OF FLUID_FLOW MACHINERY
POLISH ACADEMY OF SCIENCES

TRANSACTIONS
OF THE INSTITUTE OF

FIUID_FLOW MACHINERY

119

GDAŃSK 2007



TRANSACTIONS OF THE
MACHINERY

INSTITUTE OF FLUID-FLOW
Appears since 1960

Aims and Scope
T|"ansactżons of the Insti,tute of Fluźd,-Flou Machi,nery have primarily been estab-
lished to publish papers from four disciplines represented at the Institute of Fluid-
Flow Machinery of Polish Academy of Sciences, such as:

o Liquid flows in hydraulic machinery including exploitation problems,
o Gas and liquid flows with heat transport, particularly two-phase flows,
r Various aspects of development of plasma and laser engineering,
o solid mechanics, machine mechanics including exploitation problems.

The periodical, where originally were published papers describing the research con-
ducted at the Institute, has now appeared to be the place for publication of works
by authors both from Poland and abroad. A traditional scope of topics has been
preserved.
Only original and written in English works are published, which represent both the.
oretical and applied sciences. A11 papers are reviewed by two independent referees.

EDITORIAL COMMITTEE

Jarosław Mikielewicz(Editor-in-Chief), Jan Kiciński, Edward Sliwicki
(Managing Editor)

EDITORIAL BOARD

Brunon Grochal, Jan Kiciński, Jarosław Mikie]ewicz (Chairman), Jerzy
Mizer aczyk, Wiesł aw O stachowicz, Wo j ciech Pietraszkiew icz, Zenon Z a-
krzewski

INTERNATIONAL ADVISORY BOARD

M. P. Cartmell, Un,iuersi,ty of Glasgow, Glasgou, Scotland, UK
G. P. Celata, ENEA, Rome, Italy
J.-S. Chang, McMaster Unźuers,ity, Ham,ilton, Canada
L. Kullmann, Techn,ische Unźuers,itiit Bud,apest, Bud,apest, Hungary
R. T. Lahey Jr., Rensselaer Polytechnic Institute (RPI), Troy, USA
A. Lichtarowicz, Nottingham, UK
H.-B, Matthias, Techn,ische Uniuers,itiit W,ien, W,ien, Austńa
U. Mueller, Fors chung szentrurrl K arlsruhe, K arlsruhe, G ermany
T. Ohkubo, O,ita Uniuers,ity, O,ita, Japan
N. V. Sabotinov, Insti,tute of Soli,d State Physi,cs, Sofi,a, Bulgańa
V. E, Verijenko, Uni,uersżtg of Natal, Durban, South Africa
D. Weichert, Rhe,in.-Westf. Techn. Hochschule Aachen, Aachen, Germany



EDITORIAL AND PUBLISHING OFFICE

IFFI\{ Publishers (Wydawnictwo IN,{P), The Szewalski Institute
of Fluid Flo*, Machinery, Fiszera 74, 80-952 Gdańsk, Poland,
Tel.: *48(58)6995141, Fax: *48(58)3416144, Bmail: esli@imp.gda.pl;
nowGimp-gda.pl http://www.imp.gda.pl/

@ Copyrisht by the Szewalski Institute of Fluid-Flow Machinery,
Polish Academy of Sciences, Gdańsk

Tbrms of subscription
Subecription order and payment should be directly sent to the Publishing
Office

Warunki prenumeraty w Polsce
ltidasnictwo ukazuje się przeciętnie dwa lub trzy taży w roku. Cena
rrum€ru tl,nosi 25,- zŁ. Zamówienia z określeniem okresu prenumer-
aty. nazwiskiem i adresem odbiorey naIeży kierować bezpośrednio do
§idarrr" (\Yydawnictwo IMP, Instytut Maszyn Przepływowych PAN,
uL er€tr- Fiszera 14, 80-952 Gdańsk; e-mail: now@imp,gda.pl). Osią-

sthe ą róqnież wydania poprzednie.
helmerata jest również realizowana przez jednostki kolportażowe
RUCII S-A- rr,łaściwe dla miejsca zamieszkania lub siedziby prenumera-
tfi._

Ar&'m Transact,ions of the Insti.tute of Flui,d-Flaul Illachinety are
fuectcd and indexed within:

nss8ff Detabase;
n'Er6r m$irm Database;
ń;ryht lŁ&nics Reviews;
ł|ffiJrnalof the All-Russian Inst, of Sci. and Tecb_ Inf- VI\:ITI.

BmIGT.}fim5



TRANSACTIONS OF THE INSTITUTtr OF FLUID-FLOW NIACHINERY

No. 119, 2OO7,5-16

ALTENDORF-NtrRb, F,. DINKELAOKER", TH. HAN{NIER"*, TH. KAPPESd, G, LINS",
A. SAKRIEHó, LIN SUNd ancl N,{. VEGAd

Plasma- and electric field control of natural gas
combustion

Sjemełs AG, Corporate Technology Department CT PS 5, 91050 Erlang,en, Gernlany
Institute for Technica] Thermodynamics, University of Erlangen, 97()58 Erlangen, Ger-
nany

' Institute for Thermodynamics and Combustion, Llniversity of Siegen, 57068 Siegen, Ger-
many

d on ]eave fi,om Sienens AG, CT PS 5, 91050 Erlangen, C}ernany,

Abstract
Tlre influence of electric fields on tire stability and enrissions of natrtral gas combustion was
investigated at a seven-lrole Bunsen burner at pressures p between 0.1 NlPa and 1 N{Pa being
representative for combtrstion processes in gas turbines, For the tr-field generation a ring shaped
lrigh voltage eiectrode placecl above the burner lread lvas used. Self-srrstained gas discharge
formation was avoided by keeping the spatial average of tlre redrrced electric field below 40 Td
(1 Td: 10-21 Vnr2). In this case łve forrn<] t]rat the redrrcecl electrical current I/p is we1l
described by a power law of the redrrced voltage Ulp with power 1.5. Due to the applied
electric field the air number, at lł.hich ]ean blorł, off occurred, could be increased fronr 1.14 to
1.22 resulting in a decrease of nitric oxide enrissions of nrore thall 20Vo. At ttre same time the
carbon mon,oxide enrissions decreased by more than g0%. The electric power consumption for
tlris effect rvas < 0.02% of tlre therma1 power of the brrrner. Plasma cornbttstitln control was
tested at a smali scale atmosplreric pressure laboratory set-up consistirrg of a single flanre Bunsen
t1,'pe burner and arr integratecl gliding arc reactor cerltered in the cylindrica1 burner tube. Half
of tire methane fuel was subjected to plasma indrrcecl partia1 oxidation resultirrg in formation
of hydrogen, carbon morioxide, and sma1l concentrations of by-prodrrcts, u,hereas a ver\, lean
mixture of the renraining 1irel with air was directly fecl to t}re brrrner trrbe. An increase of the
1ean blow offair nunrber from 1.6 to 2.0 was aclrieved. Further the fuel conversion was improl-ed
from 90% to g57c.

Keywords: Combrrstion control; Electric field; trlectro-hydrodyrra.nrics; Glide-arc; Plasnra:
\atural gasi Gas turbine; Lean blow ofl limit; Combustion stability; Emissions; Nitric oxicle:
carbon nronoxicle
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Introduction

Electric powel generation sets gro,,ł,ing recluirenents for flexible load, higlr efli-

ciency, and low ernission conrbrstion of tiquid and gaseous frrels, Frrel flexibility
of combustors is also of growirlg importance. In order to fulfill these requireInents,

nret}rods allowirrg fast control of a contbustion process are desirable. Since electric
fietds with sub-rrrillisecond rise-time can easily be applied to a flanre and plasrna

generation can be acconrplished otl the same tirne scale, both e]ectrostatic field

cornbustiorr control and plasma cotrńustiotr control attracted some attention.

That electric fields can be utilized to influence the shape and enlissions of
a flame was discovered more tlran a century ago and soon related to the elec-

trical properties of tlre flarrre [1], which were investigated irr rnore detail in the

1920's, Irrvestigatiorrs of electric field cornbustion control wele intensified in the

1950's resulting in a, rnore detailed understanding of t}re influence of electric fields

on tlte gas flows in conrbustion processes [2], [3]. Just recently experirnental in-

vestigatiorrs of the influence of electric fields on combustion utrder rnicro-gravity
conditions \Ą€re plesented [4], and electric fields were utilized to contro] the com-

bustiorr s}rntlresis of narlo-powders [s]. A proposal for tłre application of a plasma
jet for combustion control can be fourrd in [6], Recently a cornpre}rensive overview

of plasnra assisted coltrbustiotr was given on an international workshop held at the

Los Alamos Nationa] Labolatory [7l. Nevertłreless, due to the complexity of the

subject until trow tłrere is no agreelnent about tłie nrechanisrrr, neither of elec-

tric field combustiorl control nor of plasma combustion corrtrol. Further very few

experiments covering the parameter rarrge of teclrllical application were prrblished.

2 Experiments

Since statiol}ar\r gas turbines for power generation run at plessures of typically
1.6 NIPa we perfornred an experimental investigation of the potential of elec-

tric field combustion control (BFCC) for stabilization and enrission reduction of
metlrane premix combustion at pressrrres rangilrg from 0.1 to 1 N,,IPa using a 7-lrole

Bunsen type burner. In order to get a mole detailed understanding of trFCC, low
pressitre premix combrrstiotl experinrents were performed at a NIcKenna flat flame

burner [9] for 6 kPa ś p ś 20 kPa, wlrere tlre inflrrence of tlre electric field onto tlre
positiorr of tlie (thernal) flarne front was observecl spectroscopicaily. Botłr in the

high- arrd irr tlre low-pressule experirrrents plasrna,-clrenrica.1 effects orr corrrbtrstion

were avoided by keepirrg the reduced electric field values below the linrit for the
fornratiolr of se]f-sustained gas disclrarges,

Plasma-chelrrical stabi]ization of lean methane cornbustion was investigated in
atrnosplreric pressule experiments, where certain fractions of air and fuel were fed
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to a niniatrirized glidel-arc leactol irrtegrated into a tubular burner.

2.I Electric field cornbustion control at high pressures
(0.1-1.0 MPa)

T}re experirnental set-rip consistecl of a high plessure combustion chamber equip-
pec1 r,i,itłr a 7-holc Buttserr burtrer, which was fed by a preruixed metltatre-air gas
florv. A rirrg slraped high voltage electrode was installed at a heig}rt d a,bove
tlre bltrner liead conttected to grormd (Fig. 1), wlriclr was connected to a DC
tr)owel sirpplv (0..60 kV. 0..10 nrA) by rneans of a currerrt linritirrg resistor (12
\I0). Current 1arrd voltage drop at tlre conrbustion clranrber [/ nęre determirred
frorn tlre voitages rrreasured a,t tlre HV-electrode and at tlre resistor relative to
ground rrsing high voltage probes (Lecroy, 1:1000), Tirne resolved nreasurernents
rvere a,pplied irr order to detect corona cliscłrarge activity, Ernissiolrs of noxious
cotrrportlrds (NO,, CO) were measrrred in tlre dilrrted flue gas using eiectrochemical
sellsors (Testo 360-1),

Orr irtvestigations covered pressllres p from 0.12 łiPa to 1 N,IPa at a feed gas
tetrrperature of tvpicallv 290 K. Since tlre pressure itl gas turbines is generated by
trearly adiabatic compressiori of air, the naxirnunr gas density investigated in orrr
experirrrerrts was even higlrer tłrarr that in gas turbirres, Irr all experirrtetrts tlre air
ttrtrrrber .\, wlric}r gives tłre actual air to frrel ratio relative to that of stoiclrionretric
cotrrbustion, was al,ound 1,2 (slightly learr conlbustiotr), arrcl t}re feed flou, velocity
ri-as 5 nl,/s.

Ili order to get atr idea of pressttre scalirrg
tlreasured r,-oltage- and current yalues U and
cit,awn in a diagrarn (Fig. 2). The fit shorvs

of tlre electrical characteristics. t}ie
1 were divicled by tłre pressllre p and

I lp - (t] lńrl' (1)

rrlrich was derived frorn a sinrple 1-dinrerrsional tlreoretica,l rrrodel [B] describing
E-field inclucecl drift of the electrotrs and ions generated irr the reaction zone of
tlte flanre due to clrettlo-iotrization. For tlre solutiotr of the 1-ditnensional poissorl
eclutrtion t}iis nrodel takes irrto accoullt space cliarge forrnation caused by clrarge
sepafation. Deviations betu,eelt tlre fit and experitnental valiles can be attribrrted
lo tlle fact that the reaction zone irr the 7-hole Bunsen burner is far frorn beirrg
plana,r. Thrrs dependirrg orr tlre distatrce betrł,een reaction zone arrd brtrtrer surface
rlte space cłrarge field develops differerrt. With the exceptiotr of tłvo measure1]]el]t
rloints at 0.12 \{Pa no indication of corołla, disclrarges could be found.

For ail pressures a rerluction of the CO-errrissions for rnore t}rarr 90% carrsecl
llv rnore cołlplete conlJlrtstion of tlre fuel was achievecl, Tlte electric po\\Ier coll-
sltrrrption for this efl'ect wtis < 0.02% of the t]terntai i]ower of tlre cotrillrtstiorl
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Figure 1. Cross sectiona1 drawing of tlre burner - electrode set-up inside of the high-p conrbustiorl
chamber.

plocess for optimized electrode position and dianleter. By application of a re-

duced voltage U l p of 40 kV/NIPa the lean blow-off lirnit of this cornbustor could
be ilrrproved for up to 8Yo, wlrich finally resulted in a decrease of botlr CO- and
NOr-emission (F'ig, 3): Norrrially tlie CO enrission of methane cornbustion in-
cleases due to incornplete conrbustion, w}ren for a certain burrrer the learr blow-off
linrit is approached. At the 7-hole Bunsen burner a lift-off of the flames starting
at tlre outer burner rims can be observed. This lift-off causes formation of zones
rrlrere tlre fuel is oxidized inconrpletely. Application of an electric field reduces
this ]ift-off and, at suffrcientl5, large values tlre flanles attach, completely to the
brrrlrer rirrrs. Tłtus nearly complete conrbustion with very low CO enrissions is
acłrier-ed. Since more complete conrbustion at a fixed air number } increases t}re

lreat release. on applicatiorr of an electric fielcl an increase of NOr-emissions is ob-
serr-c<l. For ) - 1.14, e,g. without electric field, a CO-concentration of 226 ppm
aud a \O..-cotrcentration of 23 ppm were measurecl respectively. Application of a
voltage of 5 k\' (10 kV, 15 kV) to the ring electrode resulted in a decrease of CO-
(,{:ł]l.Ęl]tration to 58 ppm (19 ppm, 3.4 ppnr) alrd in increase of Nor-concentration
t,_i ')j liltrr ,26.5 pprrr, 27.7 ppm). Increase of tlre air number resulted in a de-
{rT(:""i. ,,,i ilre adiabatic flarrre tenrperature reducirrg tlre NO"-concentrations arrd

l:.,: :".a._.il_{ t he CO-concentrations.
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Figrrre 2. Voltage.current characteristics of the flame (D - 70 mm. d : 40 mm) at different
pressures,

2.2 Low pressure EFCC of a McKenna flat flame burner
In low pressure premix conrbustiotl experirnents (6 kPa ś p < 20 kPa) performed
at the McKenna flat flarne brrrner (Fig. a) the electrical characteristics of the
flarrre could be measured for a rnuch wider range of reduced electric fields than in
:he }righ-pressure experiments (Fig. 5).

Since the planar reaction zone has a wel1 defined cross sectional area being
equal to the flow cross section provided by the porous bronze body stabilizing tlie
flanre, a currerrt density j can be given as a function of tlre spatial average value
of tlre reduced electric field Eoulp. Four different regions can be identified in this
tliagram:

I. Charge separa,tion and drift - a fraction of the electron-ion pairs generated
irr the reaction zone recombines

II. Saturation , complete clrarge separation

III. Non-self sustained gas discharge electron collision ionization occurs in
spir,ce clrarge regiorrs

IV, Reverse polarity - electron drift to the burner head; negative iotr formation
due to electron attachnrent in t}re cold feed gas of the flarrre.

Irr the case IV a strongly redrrced cttrrent density results due to mobility of O--
iorrs beirrg about 200 times smaller than tłlat of electrons. Furt}rer. due to tlre
icln' temperature between tłre burner head and reaction zone the gas density is
irrcreased in this region.
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Figrrre 3. Ernissiolrs of NO, and CO as a, functioll of ) for different applied eiectrocle voltages
ir1 }<! given by tile nunrbers at tlre end of the lines (D : 20 mm, d,:20 ninri p : Q.z|

NIPa). Lines enc1 at lean b]ow-off linrit. Tlre long-daslred 1ines give the potential for
simultaneous NO,- and CO-enrission reduction (black/gray),

Figrrre 6 gives a,rr idea of tł}e redrtced eiectric field and potelŃial distribution for
a 1-dinrerrsional flat flanre located B nrm above burrrer head at current densities
being substantially below satulation; Applicatiorr of a positive voltage applied
to the rilrg electrode causes folrnation of a positive space charge between tłre

burner lread and leaction zone (0 mln < z { B rnnl) and fortnation of a negative
one betweell reaction zone and ring electrode (8 mm < z < 60 rnnr). Since
in t}ie experilnents the burner lread was cooled to about 360 K, the ternperature
between burner łread arid reaction zone was about 400 K, and belrirrd the reaction
zolle telnperatules aroutrd 2200 K were meastired [10]. These temperatures were

taken into account for tlre evaluation of the mobilities of charge carTiers. At low
terrrperature electlol}s can easily fornr stable 02 -ions in collisiolrs with tnolecular
oxygen. Because at higlr temperature tlrese nrolecular ions are not stable, behind
tlre reaction zor]e electlons ale the major negative charge cal,Iiels. For this leason
in tlre case of a negative voltage applied to tłre ring electrode the resistance of tlre
flanre is trlore than a factor 10 higher than in tlre case of positive polarity (see

curretrt clerrsities atrd reduced potential values in Fig. 6),

A tnore cletailecl evaluation of the U - I c}raracteristics is given in Fig. 7.

Regiorrs I and III can be reproduced qualitatively by sinlple rnodels. Accordilrg
to trq, (1) (see [B]) 1- tJ3l2. Ultder t}re assumption, that no secotrdary electrons
are gel}erated at the burner head, the currerrt in region III can be reproduced by
a sinrple avalanclre moclel: / - exp{tl"f f d}, rvlrere a"77 is t}re effective ioniza-
tiorr coefficielrt of t}re gas mixture behind tlre reactiorr zone (assurrred to consist
of N2. HzO. COz. and 02) at a tenrperature of 2200 K evaluated at a spatial
average valrte of tlre reduced electric field, Frorrl the saturation current density
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Figrrre 4. Schenle of the N,IcKenna flat flame burner. The burner plate arrd tlre shroud gas ring
consist of porous bronze distribrrtirig the gas flow very uniformiy over the cornplete
cross section. For water coo1ing a copper 1ine is embedcied into the burner plate. Tlris
allows precise control of the position z of the planar flame above burner plate,

region II) and the iecornbination rate coefiicient tlre chemo-ionization rate r,;o,
-alr be evaluated accoTding to [2].

Irr t}re case of appiied voltages leading to a non self-sustained glow-disclrarge
region III) the spatial profile of near UV radiation emitted from electronically

,xcited mol€cular nitrogerr indicated regions of }riglr electric fields. e.g, a,round
-lte ring electrode (trig. B), włrere electron collision ionization can be expected to
:ake place. A shift of the flame fi,ont being proportional to the applied electrode
-"..,ltage could be denronstrated for a wide range of voltages covering regions I III
::l Fig, 5. However, because near the reactiotl zone of the flame the electric field
;,-as low we could not flnd any direct influence of electron collision inducecl effects
,tl combustjon.

Both high and low pressule experiments reinforce the sketch of electric field
ontbustion control model given by Weinberg [2]:

(a) continuity equ,atiorrs for electrons and ions with clremo-ionization and re-
cornbination as source and loss terms:

(b) introduction of an electrostatic force term into tlre rnomentum balance equa-
tion;

Olrm's law for the relation betrveen electric field and culrent density;

Poissotl equation for the calculation of tłre electric fleld.

(")

(d)

\evertheless) a complehensive numerical sinlulation can be difficult because tlris
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Figrrre ó. Recluced crrrrent clerrsity j f p as a function of tlre reduced electric field E"" f p (averaged
over tlre electrode gap) of the N,IcKenrla flat flanre burner (D : 90 mnr, d: 60 mrn;
p - 6 kPa).

Iequires coupling of cotnputational fluid dvrraInics, chemical kinetics of conrbus-

tion arrd cherrro-ionization, and electrostatic field sinlulation,

2.3 Plasma-chemical combustion control

Pla,snra assisted combustion was investigated irr a configuration consisting of a
trriniaturized glide-arc reactor inserted into a tubular burner head (F'ig. 9),

A fuel riclr rnethane-air mixture (air nunrber 0.4 { 
^ 

< 0.6) was fed to the glide-
alc reactol, whereas a lean rnethane-air nrixture was fed to the tubular burner
lread. Tlre mass flows and t}re dinrerrsions of the glide-arc reactor and of tlre
tubular burner lread were chosen suclr that tlre stoichionetly of the colnbined gas

flows were lean (1.2 < 
^ 

< 2,0), the feed flow velocities in tlre glide-arc leactor
were 15-20 tnls, and the flow velocity of tlre cornbined gas flows in the tubular
burner were 0.6-0.9 nl's. In order to enłrance rrrixitrg of the fuel riclr gas flow
exitilrg the glide-arc reactor with the surrounding, leatr gas flow, a baffle plate
was n]oul}ted at the exit of the plasma reactor. The corrrbustion was stabilized
by a gricl mounted about 5 crn flow-down of t}re baffie plate.

The inflrrence of feecl gas composition, flow velocity, and plasrrra input power
on tlre plasłna conversion of f'uel vu,as investigated by means of FTlR-absorption
spectroscopy and gas cłrromatograplry, Hydrogen yields

1ff

UH,
?JH, : :----;-

2 . UCIlą"a
(2)

uCo

iCHn.o

l

,tfi

: ł*

§ą*ód

#
§x

}ar*--
lv

of up to 727c and CO-yields

aco: (3)
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Figrrre 6, R,edrrcecl electric fleld Elp (black lines) ancl reduced potential Flp @ray lines) evairr-
atecl from a two-zone drift model. The vertical dashed line gives the position of the
flanie front. Full lines - positive voltage (-Z trl; applied to the ring electrocie resrrlting
in a positive space charge (+) flow-up ancl a negative space clła,rge (-) florv-down of
the flanre frclnt, and in a reduced current derrsity of 200 niA/cnr2 \,'IPa; clashe<l lines
negative '"oltage (--16 kV) applied to tlre ring electrode resrrlting in a rregative space
charge ( ) flow-rrp ant1 a positive space charge (+) florv-dorvn ol the flanre front, and
in a reduced current derisity of - 20 nrA7'crn2 NIPa. In the region florv-up of the flame
front T : łl00 K was assurrred, in the flow-down of the flame frtlnt ? : 2200 K.

i lrlore thal 257o were achieved. Here iH.", ico, &nd z6gn.o ale tłre nolar flow
:1tes of H2 and CO in tłre product gas and of CHa in tlre feed gas. respectively.

Irr spite of the baffie plate, wlrich obviously quenches clremically active radicals
:ttrerated in the glide-arc plasma,. drre to piasnra ple-tleatrnent of a fraction of
-:le firel the lean conrllustion limit could ]le extended from ) : 1,6 to ) : 2.0.
i,'r lower air numbels betrveen 1.2 and 1.6 rnore cortrplete conrbustion of the fuel
'';as achieved. Without plasma pre-tleatnrent the residual metlrane concentratiolr
:..easlrred in tlie combustion flue gas was between 0.6 vol% and 0.45 vol%, u,hereas
'.'jtlt plasrna pre treatnrent CHa-concentrations alound 0.3% were evalrratecl. Thus
-:-e conversion of fuel r,vas irnproved frorrr g0 To to g5%. Due to the burner clesign
':.is inprovement can only be attributed to the generation of species having life-
-_llles exceeding50 rns such as H2 or higher lrydrocarboris (C2H6, CzHł, CzHz).
:: ,rlever, the iatter ones wele found in iow concentrations (in totai { 0.5 %). otrl1-.

-:lrrs h),drogen can be expected to dominate t}re conrbustion control, Indeed tlrere
..r'e been Sevelal proposals and investigations published in tlre literature statitrg
---Proved efficiency and reduced enrissions of interna] conlbustion engines due to
.,trversion of a fraction of frrel to }rydrogerr [11, 12].

Nevertheless, a configuration allowirrg utilizatiorr of reactive raclicals li,ill lrave
llre potential for higlrer efficiency plasrna assisted conlbtrstiorr [13].
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Figtrre 7. Voltage-crrrrent characteristics of t]re N{cKenrra flat flame brrrner operated at p :
6 kPa: experiment rrreasrrred data; model -- result of a 1-dimensional drift nrodel [8];
ionization model (riglrt scale) electron avalancile sinrulated łlsing tlre effective ion-
ization coefEcient evaiuated at a spatial avelage value of the reduced electric field;
das}red line satuTation currerrt.

3 Summary and conclusions

Electric field control clf prernix nietłrane con}bustion applying a 7-hole Burrsen
brrrrrer could be denlottstrated in a lvide range of pressures relevant for practical
application: First tlre lean biow-off linrit corrld be increased by B% resulting ilr
a NO, emission reduction of by nearlv 30%, N,,Iore than 90% reduction of the
CO errrissioll was acłrieved applyiug electric powel,s of less than 0.02 Yo of the
tliernral powel. The CO elrrission redttction can be attribtrterl to rnore complete
combristion due to better attaclrernetrt of the flatnes to tlre burner rirns, Fron the
rrleasured electrical clraracteristics of tłre burner we have the eviderrce, t}rat gas

disclrarge effects do not play a role irr these lrigh pressule experiments. Tlris is
supported b), the agreement of tlre l]}easrrred (J - I cltaracteristics atrd its pressure
scalillg tvith that evaluated from a simple 1-climerrsional rrrodel, Thus we conclude
tlrat electro-lrydrodynanric (EHD) effects are lesponsible for tłre attac}rrnent of the
flarrre tó tlre burner ritns. Because fol the electrical fbrce density f 

"1 
the rrrodel

predicts

f "tlp: 
j l (n pli""k6T) (4)

rvlrere j is tire crirrent derisity, fu |_rion is tlre reduced ion lnobility. ł6 is the Boltz-
ma1]11 colrstant. and 7 is t}re gas tenrperatulel higil pressures should be rro limi-
tation fol tlre utilization of EI{D effects.

Plasrłla-cllenrical stabi]ization of combustion was investigated at atrnospłreric
plessure. Here tlre leatr colnJlustion linit of a tubular bulrrer corrld be extended
fronl ) : 1.6 to ) - 2,0. At the same tinle better rrtilization of the fttel was
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Figure 8. Emission intensity of the Nz C3fI,-B3n9(0,0) barrd at 337 nm integrated along line
of sight (side on measurement using a gating spectrograph and an intensified CCD-
camera [10]; data not Abel inverted).
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Figure 9. Set-up of the plasma-chemical combustion control experiment.

observed, Due to the specific reactor design this effect is most likely caused by
plasma induced partial oxidation of a fraction of the fuel to H2 and CO. Thus
the energy requirements were rather large (plasma powers of the order of several
percent of the thermal power).

Received 20. November 2006
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