


Gulyacv ct  a1.j assunicd thal in thc Ilmc 
prcparation zonc. thcrc c'ils~s a rcgion oi' ptxitnx 
ion location Ivhile near the luminous zonc. on thc 
other side of the flame fronl. negative ions 
prcdominatc. Then. thcy esplaincd, when a 
positivc ficld is applicd. positivc ions movc to 
the exterior ponion of the f l m e  and negative ions 
move into the intenor. Motion of neutral 
panicla (ion wind) occurs in  the dircction 
corrcsponding to that or the ions with thc 1c;~st 
mobility (thc positiw ions). Thc ion xind 
attracts hot combustion products and actiw 
centcrs to the periphcral pnion  o l  the flamc, 
ivhich in turn cools dotvn the reaction zonc. 
When a negati\,e potential is applied, the ion 
n.ind is directed toivard thc asis and cnhanccs 
flame stabilization. 

The estinction o l  hydrocarbon flames 
which are subjected to a nonuniform electric ficld 
has been studied by Shcr et a1.j. A candle Fpe 
burner having a hcmisphcrical tip and a 
horizontal conducting plate situated above the 
flame have been uscd. Thc voltage bchveen the 
burner head and the conducting plate \vas 
gradually incrcascd until llamc cxtinction wa 
obscmcd. I t  was round that the cxtinction occur 
in two phases. In the rirst as the applied voltage 
increascs, the luminous zone strctches upnard up 
to a critical ficld slrcngth for which a sudden 
flame contraction occurs. In thc second phase the 
flame gradually contracts as the voltagc is 
increased and is finally completcly estinguished. 
It is concluded that the interaction between the 
electric field and the name is associated with 
electric forces which arc applicd to the polaiizablc 
intermediate species in the flamc zone. These 
forces are directed, irrespectively of the voltage 
polarity, outward or the flame 7 ~ n e  (mainly 
toward) the burncr tip where the intcnsity of the 
cleclric field is highcr. Thus this mechanism or 
estinction a p p w s  to be found only in srongly 
non-unirorm rields. 

On the contra?, when the electric field 
nonuniiormity is too strong, Ivhich leads to 
corona inception, no extinction takes placc and 
burning can even be enhanced. This effect i v a ~  
studicd also by Bradlcy ,and Nasscr.' The 
authors employed a brass tubc burner having 
four pointed tips fed by a premised air-methane 
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misturc. I t  W L ~  liiund t11ac coriinac incrcse thc 
blowoff flow rate. Thc ci'lect \vas asnibcd to chc 
introduction of excited species xvhich panicipatc 
in thc flame reactions and influcncc their rates. 

In  thc prcscnt work, a stron: non- 
unirorm electric ficld was applied bctween a 
sharply curved surface and a plane in order IC 
produce a corona {vind. The pnmarily concern oi 
this study is to esmblish Ihe mech;mism of flame 
extinguishment by corona discharge source and 
to  mess the application or such a dcvice to 
extinguishing pool flames. 

Theoretical Background 

When a strong electric field is applied 
between a sharply curved and a blunt suriacc, a 
voltage is reached at which the ga near the sharp 
cuned surface breaks doam at a voltage less than 
the spark-breakdown vollage Tor that gap length. 
This local breakdown is in the form of a glon 
discharge which at atmospheric pressure is 
usually called corona Under some conditions. 
thc corona may result i n  a gas movement in the 
clcctrdc gap which is directed toward the blunt 
curved electrode irrespective of the polarih. of thc 
voltage applied. This dfect is often called an 
"electric wind or a "corona wind". - A  simple 
theoretical anilysis7 u n  show that h e  veltrity or 
the gas is proportional to the square root of the 
corona current which has been found in full 
agreement with experimental 

When corona OCCUTS, the space between 
the electrodes is chmterized by t!vo different 
rcgions; the ionization region in which ionization 
lakes place in a very thin layer in the vicinity of 
the sharp electrode, (&pically less than 1 
millimckr) and the drift region in which chargcd 
particles are accelerated toward the blunt 
electrode. The masimum current of a negative 
corona before breakd0u.n occurs is Qpid!- 
much higher than in a positive corona (about 
twice) and that mcans a higher possible wind 
vclcrity (the wind velocity is proponional to the 

Figum 7- A scrics of poinrs shiclded with t!vo 
naps. 



squarc root 0 1  thc clcctnc currcni). Fuflhcnnorc 
for a positivc amngcmcnt i t  hrc; bccn obscncdx 
that thc vollagc at tvhich corona occurs, incrc3scs 
with prcssurc and approachcs the brcakdow 
v o l ~ c  at pressures oi a i'cn scvcrai hundred 
kilo-p&%ds. As a result corona ivind cannot bc 
produccd a n p o r c .  T'nc threshold or this 
tnnsiiion dcpcnds on the medium n p c  and 
ciecirodc yornct?. For air i t  vanes rrom 0.2- 
0.1 MPa for a dull elcctrode io 1 - 1 5  ?APa lor 3 
vcry sharp cicctrodc. In  a ncgaii\-c corona thc 
voltage at which corona occurs pnciicall! ncwr 
approachcs thc brcYdo\vn \-olu$e and coriina 
occurs at any pressure. and ior dmices opcmting 

at high prcssurcs, negative corona is clcxly 
prerexbie. 

I t  is f w l y  undenundabie that corona 
xvind due to is high 1-elociy and sharp profile6 
ma!: considerably influencc mixing and h a t  
transfer. thus the burning process. However, do 
the actiipe spccies which are formed in the corona 
region and convected by the corona wind into the 
combustion region, play any sigmfianr role in 

the combustion process? Bradley md N3sserg 
addressed this question Tor corona sourcc 
situated inside thc flame, but no satisjacion. 
conclusion was rcxhed. For an estcmal source, 
i t  ~m espcnmenully obseved that thc 
concentration of any of the three main producls 
of a corona, namely, ozone, nitrogen osides and 
ions, is in the order of tens of ppml0.11, and 
their influence on the combustion process is quite 
limited if not insignificant at all. 

It follo\vs that the most probable 
mechanism of influencing a combustion process 
by an external corona source is the corona wind 
itself. This conclusion is to be supporred 
cxpenmcnlally by the present study. 

Preliminary Observations 

In ordcr to gain a qualitative feeling about 
the effect of a corona wind on ;1 pool llanie. LI 

simple cspenrnent was w e d  out. A n  eiecmwl 
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conductive pml 01 Y(1 mm in diamcicr WLY I I I I ~ ;  
w i th  isopropand (C7Fi-OW 10 the top. A 
sharply curved clcctrode \vas situated at 2 

dismce from the fuel s~fl~ace. A IO kV hiFn 
volugc source \vas appiiea beliveen thc I U C ~  
conlainer (the blunt ciecrrodet and the s n a p  
cuncd one. Then the latter w s  moved slowly io 
rind ihc Ioxation at which the efrect is higher. A i  
this location the volbse \va5 graduaily incrcscd 
u n u l  the flame was e sunyshed .  The foilowing 
arc the main conclusions from our obsenations: 

The best effect w1.5 achic\:ed when the 
s h q  elcctrodc was situated 25 mm 
a b v e  the p o l  nm w t h  an inciination 
angle oC 45'. ivhiic the eiectrodc axis 
coincided with tile nd id  coordinaie or the 

The voltage at whicn extinguishment szs 
achieved does not depend appreciably on 
thc electrodc p l a i t ) - .  
Extinguishment- could not e s i l y  k 
achieved when the liquid surface \ v a  
lower than 4 mm be lo^ the container rim. 
Althoueh a higher vollage ws requircd to 
esUngGsh psoiine and diesel fue!. 
bas iu l ly ,  similar eriecs were obsened. 
The tip sharpness and the material or the 
sharp electrode had no significant effcc: 
as long a irs cuwature ndius did not 
exceed 0.2 mm. 
No extinguishment could be achieved 
with larger pool diameters. 

An attempt to acnieve estineuishment 

pool. 

with larger p&l diameters was hade b!- 
introducing simultancous!y a series of shav 
cuned electrodes as illusmted in Fig. 1. Ths 
opumal effect \vas obtained with 3 cm spacc.' 
clcctrodcs but no compietc estinguishment wa 
xhiwed:  flame tongues ha\e d w y s  managed tc 
cross back the pool along the electrodes' spaces. 
\\'hen a dcnser electrodc a m y  !vas used, 2 

wuker corona Lvind was produced due to the 
una\.oided interactions benvecn nvo adjaceni 
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clcctrodcs. A n  aiicmpt to  shicld thc elcccrodcs 
(Fig. 2)  did not lcad to subsutially bcttcr 
rcsulb. 

In order to find corona-ivind device 
which will facilitate the extinguishment of larger 
pool flames, many electrdc t>-pes w r e  
cxamincd. The most cffcctiw de!.icc was found 
to be constructd from a simplc thin wire which 
\vas situatcd in pardlcl to the fuel surfaces as 
shown in Fig. 3. For thc samc elccmc curreni. 
tlic wire clearodc prtxluced a more unifcirm floiv 
pattern as compared to ;1 scrics ol sharp 
electrodes. 

In ordcr to eraluutc the influcncc of the 
corona ions on the extinction. [he corona wind 
was shielded by two grounded elcctrodcs simiiur 
to those shown in Fig. 2. No eflect on the flame 
shape was obsened. 

Experimental Set-Up 

The experimental system is shown 
schemat idy  in Fig. 3. I t  consists of a shdlo\v 
meui container, 30 x 10 x 4 cm having 45' 
inclined head and tail edgcs. The container is 
filled with isopropanol (C,H,OH) lucl up to 1 
nim bclow its top, and connected to the Ion. 
ripple high-voltage direct-currcnt power supply 
thus acting 3s the blunt electrale. The sharp 
electrode is a thin steel wire, 0.2 mrn in diameter, 
which is situated in parallel to the fuel surface at a 
distance or d cm from the h a d  edge and h cm 
above the fuel level. An x-y coordinatc system is 
fixed to the head edge as shown. Ignoring edge 
errecu;, such an amngcmenr providcs a t ~ v +  
dimensional system Tor a11 thc rclcvant quantities. 

Three SCLS o f  cxpcrimcnts w r e  
pedorrncd a5 follows: 
1 .  Cold expenmenu; - a parametric study to 

invsigatc the C f k t  ol various 
parameters on the vclocity profile of the 
corona lvind. These include elecvMie 
polarity, voltagc. current. the wrc 
distance d and its hcight above the fuel 
level, h. - 

I .  
. .  1 z  _.< , 

I .  - i h-2.0 !cxl i 
2.0 / G2.0 [Crnn] I ; 

I - - 2.5 ; 

a 2.0 r .. - - - 
- 

5.0 i o .0  :5.0 20.0 25.3 58.0 
V Ikvl 

1 -. Hot cxpcrimcnls - thc pool ha5 kcn 
ignited and the cffcct of the wire l m u o n  
on the flame shape was studied. 
.4 cornpmuve stud? - the velocity profile 
of thc corona wind hus h e n  simulated by 
a carelull! designed nozzle which ~ v k  
mounled on a s u i d e  mechanial blower. 
The effect of the trio deviccs on h e  flame 
behai.ior was comcared. 

3. 

Results  

1 .  Cold Experiments 
The velocin. profile of the corona ivind 

abo\.e the fuel surface u s  measured b!. using 3 
thin pitot tube. 1 mrn in diameter. Tne pressure 
difference was determined by the aid or a 
workshop made apparatus (Fig. 4) which 
consists of an inverted glass immersed in treated 
\rater in which detcrgent n a s  addcd to reduce the 
surface tcnsion. In this appantus the smdi 
pressure diffcrencc. in thc ordcr of 0.1 mm HlCi 
is appiicd to an x c a  or 5 cmz and the resultant 
force (0.0025N) is balanced by a dynamometer 
having an accuracy of 0.0001N. 

Fig. 5 shows typical currcnt-volqc 
chanctcnstics for the two polarities. It seems that 
the negative plarity amngerneni (neptive sharp 
electrode) rcsults in a higher current to an extent. 
thus a higher corona wind. However, while the 
avenge velocity is higher, the pc;llr velocity 
along the y axis (Fig. 6) seems to be lower by 
about 20%. Thesc characteristics have been 
round to be indcpendent of the wire diameter in 
the nnge  or 0.05 to 0.5 mm. and the wire 
material (steel and coppcr), and are in full 
arccmcnt with other availabic data.6.8 

Thc errcct of the wire laation on the 
currcnt-voltage characteristics is sho\vn in Fig. 7. 
I t  sccms that in gcncnl. for a given v o l ~ e .  the 
current increases u i t h  the vien angle (highcr h 10 
d ratio. Hotvevcr above h d  = 2, no noticcable 
increase has been observed. 

I 3.0 



,4 typicd vclocit! prol~iic of ~ h c  corunj 
wind a b v i  the rucl surfacc is shown in Fig. E. 
I t  seems that the vcloaty profile is charxienzcd 
by a rcmarkably high velocity gndient near thc 
fucl surface. Thc vclocity peaks at I to 3 mm 
above it  and thcn dccrcascs modeniely. Owing 
to the shear stresses. Ihe peak velocity decreases 
\ \ i t h  the diswncc from the leading cdge and the 
!.clocir). profile is flattened. A hizner elec!nc 
current resulls in a higher p k  \.elcay ana 
ihinncr flow stream tvhile m a n u n i n g  the rpccid 
structure of the vclocii) profile. 

_. 7 Hot Experiments 

In this sct of espenments. the pool has 
been igmted and the efrect of vanous panmeten 
on the flame shape was studied. .Among these 
pJmmeters arc the h to d ntio: electnc currenl 
and electrode polarity. Since the aim ol this study 
is to investigate the effect of the e!ectnc field on 
the exuncuon of pool flames. the flame 
regression dong  the pool the has  been selected to 
chanrterize the effectiveness of the systcm. .A 
systematic study has revcded that h e  flame 
regression dcpcnds only on the p u k  d u e  or the 
d o c i t y  profile. Any arnnzement which could 
provide a higher peak velociry has performed a 
higher efrectivcness. In  order to achievc a 
complete extinction, the wire should be advanced 
slowly (approx. 0.1 mis) a1 an elevation of about 
2. cm above he fuel level. A lower wire might 
result in a local breakd0Lv.n leading to reigniuon. 
or alternatively would limit the maximum roltagc 
tvhich might be insufficient to expel h e  f lme .  A 
higher wire would need a higher voltage which 
may be found to be impnctical. The use of the 
flaps (Fig. 2) yields Io\vcr sensitivity !o 
breakdowns. 
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3 .  Comparative Study 

In order to re-assess the assumption hat 
Ihe only effect or the electrical field is h e  
p d u c i n g  or an aeraiynamic \vind, the spaual 
i.elccity profile or the iomc wind has k e n  
simulated by a carefully designed n o d e  which 
uas installed on a suitable blower. Fig. 9 
compares the t ~ v o  resulted profiles. The 
rezression distance $vas found to be quite 
compmble within an acceplabie deviation. A 
auan t i t auw comparison \v= made by anal!zlng 
gas  samples taken at different iocauons. T'ne 
smpies were analyzed by a mass spectromeier 
for hydrogen, and by a g= chromatogmph for 
the other species. Beyond the unavoided errors 

whch stem rrom h e  difficulties associated with 
sampling a fluctuating flo\v, there is not much 
difrcrencc between samples nken from the 
blower and corona systems. 

It is of rundamend interest to corncare 
the eztingiishment efficiency of the blower'and 
the corona devices. Our espeimenls clearly snow 
that for a similar \&xit! profile h e  elecmc 
power consumption ol the blower is 5 to 8 times 
lower lhan that of the corona. This agrees w t h  
ihc theorebcal ~anaiysis and expelmend 
obsenadons of Bondar and Bastien" and 
Sigmond', which noted even a lower power 
conversion efficiency. namely less than 2%. 

Therefore, when considering an 
application in an atmospheric environment, the 
corona extinguisher is far inferior to the blower 
system. However, the corona device is a unique 
and useful source or wind in special cases, e+, 
in  hot and aggressive ent'ironment 

Conclus ions  

1 .  

.- 

Extinguishment of  pool flames has been 
rendered possibie by mans OC corcna 

20.0 ' , . " /  j n=1.o  [cml ! 
i d = i . O  lcrni , os, x-6. Icm) 

3 0  . 0.5 1.3 :.5 5 . 3  2.5 3 . 2  
!I l rn ls l  

V {m/s] Figurc 8 Tlic dcvelopmcn[ of the velocity 
profile for a positive corona 
Elcclnc currcnt io pool svidth ratio 
= 0.75 m A h ,  and hid = 0.5. 

Figure 7 Electric currcnt vs. voltaze fur a 
positive corona (positive wirc). 
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dlscllal SC. 
This cllcct sccms t o  tx ;I purc acrcdynamic 
onc. The ions and otlicr mccs produccd 
by the corona bear no impact o n  the flame 
cstinguishmcnt. 

3. The elcctronicc1ianic;l elficicncy 0 1  a 
corona dischagc is \cry low, ho\\e\.cr. lor 
unique applications. such. flame 
cstinguishing wi th in  an aggrcssii'c 
(corrosiw) or hot cnvironrncnts. this 
rncthod should bc lavombly considcrcd. 

1. The most cfficiciit corona dc\.~cc for the 
cstinguishmcnt 01' pool flames appears 10 
bc a thin rvirc r n w i n g  parallel Lo [lie liquid 
surface ai thc mte of about 10cmis. The 
rcrnarkable estinguishi~ capabilily IS 

csplaincd by tlic uniquc snav \.clocity 
prorile associated with a maxiurn high 
velocity of up to 3 mis which occurs 1 to 3 
rnillimctcrs abow the liquid surface. 
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