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' over conventional systems. Throwgh expulsion of a highly
reactive plasma plums, the device creates a turbulent puff
mixing. T™he ability to creats electrically induced

The rate of pressure incresse ia the very early stages is
Moﬁ“jmmmm&
methods. It is found that in mear-limit mixtures, the
combustion.

From plassa jet studies, it became apparemt that (if




effectively transform a fuel rich,
MﬂWﬂmmﬁﬁnk
injection.
md!ﬂeagujﬂdmuﬂﬂmn_LﬂﬁMﬂr
snoet by a field installatiom. Results indicated that
mn_jﬁmmmm-ﬁ_mmgm
reliability over conventiomal igmitiom, especially for
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1 INFTRODUCTION

oxidants. Although simply stated, the nature of comin
m.mmﬁmmmyﬁu
of fusl and oxidant to a critical (ignitiom) tempsrature

MMmmy“ﬂmm
and water.

1limits of flammability:; the lean limit (excess oxidant) and
the rich limit (excess fuel). Detwesn these limits,
oconcentrations (Figure 1.1, Kamury, (16)) . Whether or not a
mmmm““mmagm
(mmw_mmmhm;.l
ignition for a specific mixture comncentratien.



Uinime
ignition

0o o I

Figure 1.1 Flamability Limits



Automotive combustion research is a specialized field
tmdwwmm“mmmmljli:
combustion for mechanical work. Lean mixture combustion is
otm@uimmtumuytuwmlmy
and reduced pollution (Dale et al. (3], Gettel et al. [4]).
Lean combustion, however, is characterised by reduced
reaction rates which decrease the mechanical conversion
efficiency of the process. One possible solution is the
developwent of miuwmmamimumim
rates and the speed of flame propagation. One such device is
the plasma jet igniter (Figure 1.2).

Combustion by plasma jet ignition has provided marked
increases in reaction rates and flame propagation ((1), (3],
(71, (9], (13)). Plasma jet igniters exhibit two unique
mmmtmldﬂtou. such as open electrode
igniters (Cestegen et al. (1)) . As a conseguence of the
plasaa penstrating into the surrounding mixture, ocombustion
is initiated awvay from the cosbustion chamber wvalls, thereby
reducing heat loss. Secondly, the combustion process is
MWmimlnnmtmtmrtm;ﬁi, created
by induced turbulence from the expelled plasms.

Illustrated in Figure 1.2, the process of plasma
mttmuuitutdbymmuan;ﬁﬁlgm
transient into the igniter cavity, ionising the gas vithin.
Rapid deposition of source energy into the cavity creates



mmmﬁmmm:ﬁ]).mj&
azmmwm:mﬂ.mplm
mx-azmmmﬂ-mmmmm.
ndependent of plasma chemistry (Weinbery (12)) and results

(Smy et al. [10]).
ptimisation of plasma jet pertos
consideration of several goverming p

(a) plasma medium ocomposition

(b) cavity gecmetry

(c) deposition enexgy

(d) discharge periocd
ﬁiﬂhihmmiq,mmhgmm (feed guses
mtmmnmmmmnugngm
cosbustion mixture (Weinbexg (17)).



Figure 12 Plasma Jet Dischorge Theory



ejected plasma velocity, cavity mess flow, and the guenching
of expelled reactives (Grant et al. (3)). Velocity and mass
tlﬂdimﬂyhﬂmmdqﬂczpl_mﬂnm
the surrounding gas, as well as the amount of induced
uu&mrmmmmmmqm—unuagm
applications where operating comditions are comstantly

al. [1]).““““&:&:3&
efficiency of source emexgy to the cavity gas, thereby
(Baley (6)).

The effects of ignition parameters on eraly stage
ignition are investigated hmmiﬂlg.iﬁ




ﬂminfpl_jctqmﬂﬂmh
nllrtbimn!lt (121, (8), [12), (13]). These reports

propagation, it is destructive to flame development in early
stage combustion (induces flame tinction). Given that lean
nm.mﬂtﬂhatmlmmhﬂ_mpm

m.mmmmm:gmp_:-t
mlmuidLmM(ﬁimhﬂmm
air/fusl mixture to stoichiometric (1.0)). Bach igniter is
mm;-pm ﬁhﬁﬁﬂ:ﬁ!
turbules ZmﬁWQﬂmﬁ
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relationship between the electrical emergy dissipated in the
local gas and the degres of partial combustion is developed.
mmmmclmuuwypﬂhlmim
fails to transform into self-sustaining, full scale
combustion.

The phencmencn of partial combustion also focuses
attention on the lean flammebility limit itself and how it
is defined. Determination of the lean flammability limit for
air/fusl mixtures neglects ignition influences (Lefebvre
[(16]). The effects of ignition turbulence on both the
position and description of the lean flammability limit are
investigated.

0 aid in the study of lean combustion processes, a nevw
technigue for pressure measurement was developed which
provided improved semsitivity and response over comventiomal
piescelectric pressure transducers. The technique employs
the principles of laser interfercmetry, which is cepeble of
detecting very small perturbstions in gas pressure through
the interference of laser light. Resultant interference
patterms are dstected by a photomultiplier tube,
significantly isproving pressure msasuremsnts during early
stage flame developasat and combustion. This optiocal method
is combined with a piescelectric transducer to achieve a
conplete pressure histery of a combustion event. The
conbination of the two technigues wvas necessary to prevent
the less of late stage combustion informstion, undetected by



otﬁtﬂmmﬂIMﬂMM)
Chapter Three focuses on the hydrx
jets. In the past, px_jcemmmm
towards the ignition aspects of the devioce. As a result of
1uq:ﬂt1m1mm-mﬂaum. it is proposed
here that if given appropriate surround} such as a
mimﬁm.mn_jnmmmmn
mﬁ;u:mmmﬁmlun;ﬁua

s of plasma

rich flammability limit. This over-rich mixture can be




mﬂp_jnmmnnwlm
typically difficult to maintain and wnreliable. These
problems, are the result of inconsistent gas composition,
Canada, (14)). Gas composition problems may consist of
incombustible contaminants or the common condition of an

wsing plasma jet devices. The ability of the plasma jet to
M-“;ﬂlﬂﬁptm-lyrﬁnﬁ-mtn
: raining factor in ignition




Tis flaring experiment is simulated cutdoors using
m”muwmmmm

umlmlo“mmlyhm.lwnm
otpla-jctulm”muu (representative of
current electrical methods) is comducted for both single
meunm.umummu.
miotyotnovaudcu-mcuutuan.

The results and concluding statements from the
mmmwwumuvg.
Mhnmumtnotpu-lj«m
uummuummnmozmm
tmwmwmmmmu
conditions of marginal flammability using plassa jet
igmition.

11
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The study of combustion processes in a laboratory
mmmmmmmm
measured and/or cbeerved, to be isclated in a combustion
vessel or bomb. Such confinement Mlimullu-lithc.
the control of the messurement process. Control of the
combustion enviromment is essential to the understanding of
paramsters governing cowbustion behaviour, amd to
understanding the influences of external factors such as
ssbient pressure or temperature. The studies presented in
this chapter focus on two characteristics of igmitiom
sources vhich directly influemce combustion; namely, induced
turbulence and deposition emexyy. In particular, the
contribution of each parameter toward the ignition and
coubustien of lesm mixtures is addreseed.

The effect of igniter induced turbulence is
investigated wsing three ignitien devices, as introduced
previcusly. Plasma jet igniters produce varicus amounts of
local gas turbulence, depending primerily upon their
physical gesmetry. The ignitiom characteristiocs eof two
plasma jet gecmetries and a surface gup igniter are
cmuined ot severeal nermalised lean nixtures. A
csnpazative study of coshustion performance and limits is
presented.

Producing virtully segligible gas turbulemce,
surtfece gap ignition is investigated to understand the



contribution of deposition enrergy to ignition in the
abeence of turbulence. The aim is to establish both an
mimumlmmumpmamgm;:ﬂ
volume, the volume of gas burned during partial combustionm).
why it fails to become self-sustaining, leading to complets
combustion.

concept of the lean flammeb!lity 1imit itself. This limit is
often illustrated as a solid, defined boundary, separating
full and incomplete combustiom (Figure 1.1, Kamuxy (13)).
The 1imit is determined by cbeerving whether or not a given
mixture successfully undergoes complete bust
confined to a vertical glass tube (sealed top). The mixture
hj“h““‘lt.“lﬁiﬁﬂbyﬁﬁﬂ.
stable flame at the bass of the tube, the resultant flame
burns the entire leagth of the tube (lLefebwvre, (14]).

vith igniter induced turbulemce, it is doubtful that
sinilar cheervations would result. Such an event may
m-u.xm:muxdy—ﬁ-m
mcmmuzmaﬁssh precver, the




turbulent ignitiom behaviour of devices, such as plasma
jets,may not only be able to affect the illustrated
"position® of the lean limit, but also the existence of
The study of the lean flammabjility limit and pressures
associated vith early stage combustion, are difficult to

interferometry. This optical method, providing indirect
pressure measurement, detects pressure changes by the change
in optical path length in one arm of an optical
interterometer. The shift of interference patterns, produced
pressure variations of combustion.

The useful range of this optical technigque extends only
up to the latter stages of combustion. Water vapour, a
product of combustion, ocbscurs the interferomseter beams,
preventing pressure measu: t. A conventional
piescelectric pressure transducer is used simultaneocusly
with the interferometer to record latter stage combustion
pressures. Information from the two techniques is later
assembled to provide a complete pressure profile of the
combustion event.

16
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in rigure 2.1. Divided into three sections, the
experimsntal layout consists of a mixture control network,
seasurement apparatus, and ignition control electronics.

2.1.1 Eixture Coatrol
This section is comprised of the combustion "bowb®,
and the mixture control unit. As illustrated in Figure 2.2,
mbﬁm:cﬂhﬁéf;qnﬂrmm:iﬂim
inside, thereby effectively providing a choioce of bomb
the volums of slesve 81 (193 ml). The inlet and exhaust gas
mmlmmg:zhnmmﬂafﬁnhﬂMQm
unl.mwmﬂhﬁtditthmm- o-rings
provided the seal for each removable section.
mmwlmemgmg;mag
regulator, solencid valve, and a ball flov meter (Fiacher-

19



well as a miver wvhich consisted of steel wool inside a small

pipe fitting. This was done in order to ensure a well mixed
indicates that a consistent, well mixed mixture was filling
characteristics of plasma jet combustion oftem differ from

one event to another because of the irreproducible mature of
turbulence.

displacement is imfluenced by variations in gas density

vere then vented to the outside.



2.1.2 Nessuremeat Agperstus
tion pressure variatioms within the

These sensors, however, lack sensitivity in detecting the
-ﬁﬂmqummqﬂ.

Griot Grefle, model 08-LGR-171), tvo beam splitters, a




sxperience a phase shift difference when the density of the
“pﬂﬂ“ip&ﬁﬂ.lﬁﬂnmaﬂl
photomultiplier tube, produce a BSASUIES . signal
ropa ﬁﬁllﬂlﬁ!&hﬂ“&ﬂﬁﬂaﬂﬁ A
variations within the bomd (Figure 2.5). The laser/beam
ﬂlﬁﬁﬂ“ﬁpﬂﬂm&-m ”””
ppe grid for maxisum fringe semsitivity.
ﬁ-mm Instabilities of the

peter systen over time intecvels of the exder of




viewed on an ocscilloscope, for q&b sensitivity (midpoint
ant) . The second

problea oocurred during 1
”mmm“ﬂy-ﬁﬂﬁtﬂm
smplitier (PCB 4822) . When the interfex ter became
anﬂﬂﬂnﬁwm.ﬁnpmn
m.m&lﬁ‘llﬂ.ﬂlﬂ!ﬂﬂl“m




2.1.3 Igunitien Scurves

24



These characteristics produce a negligible level of local
turbulence, as compared to plasma jets (Burland (3)). This
aspect thereby facilitated the study of ignitiom parameters
ocutside a turbulent gas eaviroament.

The discharge supply (Pigure 2.3) wvas designed
primarily for plasma jet operation, but was utilised for all
threes igniters. Its fumction is based on a two stage
principle, wheredby a high potemtial discharge is first
hmnM“ﬂMhmAtﬂﬂ
through the SCR (silicom comtrolled rectifier). The
discharge path of C4 also includes the primary of
transformer T¢, wvhich induces a high voltage secondary pulse
(28-30 XV) mmmmgm.aum
aleo ionises three-point gep @1, thereby allovwiny a second
stage energy pulse from cepacitor C3 (approx. 1200 V,
0.78 J) to bridge this isclation gap and discharge into the
m-wmmm.mum.mammqny
of capacitor C3 from the igniter and prevests premsture
mmm.hmmummﬁ
the igniter electrodes.
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sotting (ou3/s), to 2111 a knewn volume. From several trials
lmmmﬂm
Mi.ﬂﬂmmlmmﬁlhﬁ“
(200 ml including slesve 8§51, asseciated valves & tittings)
—imﬁ-ﬁlﬁpmmﬁi

; x—-maﬁ&--m




change of a fringe as a result of the imjected air. Om
aversge, & 1.0 ml injectiom of air cocresponded to a
0.198 friage shift. This fractiomal change can also be
calculated thecvetically (Ealey [12]):

Smsv/V e (a=1) ¢ /S 0.178 (Egn. A)

air (1.000293)
x-mumm.-‘.'?i:::’-;
approxinmately 11.48. This is judged to be acosptable, given
the acouracy of the experinent and the omission of
tanpereture effects in the thesretiocal calculstion. Since a
1.0 nl volume increase correspends to a pressure rise of
17209 ata (and an experinsntal frimge shift of 19.58%), ome
full friage (1008) would cocrespond to 0.0248 ata. This
final (recssded) pressure figure wvas the preduct of the
cscrectien facter of pi/s to acoount for the simmse
variatien of the interferemeter frings pettecn.
mmmmm.m
of relative efficiencies of each igniter in comves )
ﬁw”hm.ﬂhﬁ-ﬁgﬁﬁn
igniter vas &issharyed inte a senll test cell while its

i




u:mm&-mmwm
m:ﬂtﬁimmmﬂﬁnﬁlﬁiﬂm

? = (amBg)/(pvicy) (Sqgn. B)

If the full cspacity of the power supply (Bg) could be
mmﬁ-mm.gmgmﬂn_gm
would be realised. Given msasured pressures of 5.53, 3.94,
relative efficiemcies of 24.1%, 17.28, and 9.4% result. The
Mﬂwmmﬂtmaﬁnﬂuﬁjﬁ

s § ’[yhita

Aiﬁﬁmia.siﬂ(m—ﬁn



2.2.2 Brrer Ooasideraticas

In addition to the aforementioned error sources of
interferometer window fog, periodic fringe adjustment, and
required attention. Inherent to their operation, plasma
of distorting and severely limiting the resolution of
m;mlrmyuimﬁn:unﬂymm;m

and is somevhat controllable via manipulation

of plasma jet ignition parameters.
The repeatability of individual combustion experiments
is perhaps the most difficult error source to comtrol.

development is largely governed by the chaotic behaviour of

errors, but required a substantial amount of time to




to cbeexrve internal mixture levels within the bomb volume

provided reasonable accuracy in ensuring that the fusl-air
ratio wvas close to its pr or. The method also

provided visual indication of when intermal bomb mixtures
possible by observing the stability of the oscilloscope

fringe pattern.

2.2.3 Experimeatal Procedure

a "recipe” pre-ignition procedure wvas established. Baving

_ ﬁmiﬂi(nﬂmlmmlmﬂtmtnm
bomb cavity for approximately two minutes, at wvhich time the
indicated little intermal gas activity the exhaust valve vas
closed. It vas assumed that such a procedure achieved

3



Illustrated in Pigures 2.4(a), 2.4(b), and 2.4(c) are
the instantanecus pressure characteristi s of each igniter
(NTRY, LTI, & 9G) for three normalised mixture values. The
and piesocelectric probs traces, as depicted in Pigure 2.S.
vavefora vere converted to values of pressure (Egn. A) and
subseguently plotted along with a simultanecus piescelectric
1inking the interferometer information to that
simultansously recorded by the piescelectric probe
significantly enhances the resolution of early stage
early information, supplied in Pigures 2.4(a,b,c), to that
ﬂmm;cﬁﬁm:grm:is.m
mmlﬂﬂtynthmmum

Although the vertical resclution of the piescelectric



mllm.t”-mmmthot
interfercmster information (open sysbols) . Piesoelectric
mmmbynluq‘oanw
mummemmmmm
Mmmu.mmumwu
mwatﬁm,mdwmmmmm
pmmmmmw.

Pigure 2.4(a) clearly shows the improved performance
of plasma jets over surface gap ignition given a noderats
lean mixture of 1.70 (normalised with respect to

stoichiometric, $0.03 error). A marked improvement is
wuhulqatmvmmnot ignition. However,
umwmmlm flammability limit
(Mam—xwmu 1.86), the performance
wzuotoummmuuuncm“
mmumumum.mamuu
scatter of Pigure 2.4(c) i{llustrates this point as
wvmxmammuuwuumxmoou
wm.mmmmwvmu
mmmawmuwjumm
enhancenent, Mlyummlymotm
as mixtures become leaner.
mmmommwcmu.-m
aixtures becons leaner, turbulence effects created by the
plasma jets begin to destructively influence igmitiom.
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of the combustion chamber ((2])., (7). (8), (%), ([20], (11),
(15)). Murase et al. (8] reported that increasing the
hest losses at the orifice exit) failed in some cases to
destructive mature of turbulemce, despite its embancements
to flame propesution, suggests a dilemme situation between
Consider the curves presented in Pigure 2.6, based on
pressure gredieat analysis imtroduced by Cote et al. (4).




tﬁzmltﬂﬁﬁmgmmu.is—hiﬂ.
within specific limits, plassa jet ignition most
mrmmmmmmﬁmp
hyd los as outlined in Chapter One. However, an
Y ﬂtmn_jctpummﬁmﬁ“
ag gos (in the absence of

ﬁimmhmzdmﬂ-ﬂtd
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derived solely from piesce aned .
ch.mmﬂhm:.?. it is now
mmymlmmﬁ_gmm
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Ammuteymeumpmm
wmmmxmumwn
sufficiently to alter the lean Clammebility limit (i.e. able
eomrnym.mm;.um
mw,umumwu
mmmmqamwpmum.
Mmmmuuuwux.nmmwy
”umm—mmumznm.
mmmmuuMJ.mum. it can be
wmmm«mnmmm) at a mixture
uz.ssmmammmnom
(approximated IMW).mumz.'l, a
ummrtumwua:"cmax.u
m.mwmeummm—
mmmo.uummmumm
to mearly 16 ca’ (1¢ kPe/179 kie # 209 ca’) of the bowd
volume combusting.

nummuwmmm
umwmm.mmm
mum:aummmmmu
1.95, it is clearly sesa that the 100°C cuzrve has & 33 ke
advantage over its 23°C coumterpert, representing & change
hmu'n‘c.uno.ﬂ'cmu‘n-an
mmw.hmﬂ-—nﬁ-m
" riss of 14 kKia veuld reguire a 32°C rise. Given & specitis
hest for & Cly/Air miuture ¢ 1.9 (6= 6.529020=3 J/en®C),



it can be expected that to heat 16 ca? of the mixture to
32°C would require 0.47 J of energy (16 cm’ # 32°C #
0.925¢10-3 J/cm39C). This is the required energy to be
delivered by the igniter to the surrounding gas in oxder to
combust 16cm’ of gas.

To validate these calculations, a second experiment
wvas performed to study the relationship between the
resultant energy produced by a combustion event and the
input energy delivered by the surface gap igniter. Figure
2.8 illustrates the relationship of By,/By, for a lean
normalised mixture of 1.95. As the stored supply energy is
increased, the ratio of Bgyue/Bj, decreases, indicating that

established for plasma jets and other igniters by several
sources (Boston et al. (2), De Soste (5), Murase et al.
(8)) . Bowever, it appears from Pigure 2.8, the ratio of
Bout/Bin Pegins to behave as a constant at an energy level
burn situation. Assuming this behaviour initially cocurs at
a stored energy of 4.3 £0.1 J (Pigure 2.8), this results in
a deposition enexgy of 0.41 J by the 8G igniter (9.4%
efticiency), which is quite close to the previous figure of
0.47 J.
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Figure 2.8 Output Energy vs Dischorge Energy

Trput Energy
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additional energy delivered to the gas, produces a

the burn volume (Grant et al. (6)). This increased burn
volume produces a proportionmal increase in ocutput energy
If the volume burn increase is proportional to the amount
of surplus energy, the ratio of Bgue/By, vill remain
constant.

2.4 SUMBIARY
The investigation of lean flammability limit c

pressure is increased along vwith a reductios

Although superior emergy conversion efficiency is partly
responsible, igniter induced turbulence is the dominant
become leaner. Bventually, plasma jet ignition fails while
surface gap ignition comtinues to display ignition and
partial combustion. Da.tu its contributions to flame
tuzbulence is detrimsmtal to early stage flame develepaant.
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lm,maml,uc-)mmmm
established.
mwm!.tm“éfmmmm
mmmmjuwmm;m-ez;.u
mmwammmmm
in lean flammability limit determinationm. Both the
sposition” of the lean flammability limit and the range of
mm—nmamhmlm
flasmability limit is more accurately resented
scransition® region, graduslly sarati
ocombustion from nomns. Mﬂgm.mm--ﬂﬂ
1ine® boundary provides be the best repres
mumuwmhlﬁiﬂﬁm
mmuumtnm,qﬂm;ym
wwuzupstiplﬂﬁ.ﬁiiniqafmi
Wumm—--nﬂ-ﬁ:

L 1



dependent upon its final perature, heat capacity, and
the amount of energy delivered by the igniter. It is
mmemmmh-ﬁiummm. in
combustion. This temporary adjustment would foster ignition

ﬁmmﬁﬁ-mgmm
flammability limit. The introduction of opticsal pressure
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When considering the characteristics of plasma jet
" operation and particularly its ability to tramsport
mmn.thom-m, it becomes
Mmmmnyamummuw
wMt&Mmmmmuw.m
benefit of such an ability is illustrated in the situation
of an incombustible mixture cutside the rich flammability
1imit. This over-rich mixture could be transformed into a
combustible mixture by pumping externmal air into the mixture
sone using repstitive plasma jet operatiom.
mmjum.uammwusu
luninous plume, turbulent “eddies® of ges which entrain
surrounding gases to form an expending, propegating, plume
of gas (Cetegem et al. {2])). This turbulest pluns has been
shown to be very effective im propagating particles from
the igniter’s vicinity and eventually, im the gine scale
nixing of the local ges (Simecai et al. (5]). The transport
Mumjmumwum
mmmmmmumm
(Cavolowsky et al. (1), Clemsnts et al. [3), [4)). It is
mmmnm.mmm
igniter, restricting and directing the travel of the plume,
umumum‘mymu—-m
ensygy. By epezsting the igaiter repetitively, successive
muu-mmm-mm.
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Bventually, as the freguency of repetition is increased, the
of restrictive boundaries (Figure 3.1(b)).

3.2 THEORY

igniter paremsters (Smy ot al. (6)). It wvas found that the
of the expelled plasma (Clements ot al. (3)). Deposition
jet.

prepagation of the plume but, by itself, is net respeasible



Figure 3.%(0) Plosma Jet Igniter/Tube Combinat ion
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Figwe 3.%b) Plamo Jet Flow Circulation



cavity (Say et al. (6)). !
It has boen showm (Say et al. [6)) that for the plasma
?= (2mm)®-® (1)
vhere: :mgm:lﬂqu’(ﬂ
mmmmam:u-)
physical paremsters (to be imvestigated), the flov momestum
gonereted vithia the tube will be a substantial fractiom of
the thessretical momentun (1). Bemce for am igmnitsr cpersting
te the gas vithia the tuwbe will be:

" . eac W
= 0.62(mm)"° (2)
“mumlﬁﬁiﬂrmm
sepetitive nsnsntun ingacted to the local gas surreun
the igniter, it is nov pessible ¢o derive an axgressien to
deseride the velumstric flew rate. Bymation (2) may be

. sowsitten as:



:#il (3)

Q = 0.75(AL/p(mn)®-5)0-8 (4)

nmmzmmmmm:g
ﬁlﬂhm:l.lﬂ).dnmthﬂME‘lﬂ
velecities of sush cireulsting t Lnd
ﬂﬂh“whﬁm Thas the latter




3.3 BEPERINENFAL NIONOD
T™he punping charscteristics of plassa jet operati
mby:.-t.lﬂﬂlym&mm(ﬁi)jml
TThe experimantal layout is illustrated im Pigure 3.2.
m"lmﬂ_l““ﬂﬂﬁm“
mxﬂﬂmmcmcmm)g
ssveral paremsters:

zgl s, 10, 15, 20, 25, 30, 35, 40 (ms)
t 1.3, 1.8, 2.4 (Jomles)
l 1-‘; ;:‘. 3.2 ‘—,

...*z.::: AR
t 76, 152, 236 (mm)
xpu-c Pesition (X): +20,420, 0,-10,~20,-30,-40,-80 (mm)
igniter pesitionsd (E) in Pigaxe 3.1(a) relative ¢ the
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mﬂjm&mkmmﬁmvmnm

in temperature of a heated probe vire inserted into the
flow. The anemomster’s reference is the static tesmperature
of the measured gas. Since the discharge of plasma jets
produces local gas heating, repetitive operation would
eventually heat the gas flow above ambient temperatures

provided sufficient volume to allow for 30-40 seconds of
sensitivity of flov measurement. Typical hot-wire

anemoasters have a non-linsar response to flow with
sensitivity decreasing as flow velocity increases. These

vhether the flov eatity is compressible and on the level of
mmoe (Goldstein (8)). The latter suggests that the




et al. [43).§-mé§im&tﬂimﬂhﬁuhﬁt

mm:mmq:rm(gm:mm
illustrated in Figures 3.3, 3.4, and 3.8 is calculated from
(= 0.75(aL/p(Mn)?°5)?°5) . The error assccisted in measuring

3.3 DISOUESION
' establ ished Ms (egn. (4)), & similar
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Figure 3.3 Volumetric Flow Rate: Exper imental vs Theoretical



Topham et al. (7). rigures 3.3, 3.4, and 3.5 are for am
ﬂﬂ&ﬁmeG:ilaiﬂ.qmﬂl:ﬂ.:ﬂa
stored discharge emexgy of 1.2 Joules.

rates; measured (Qg=vA) versus csloulated (Op. egn.(4)),

ﬂq-ﬂm.mihmw-mgod
or a converted limear factor of two (109+3=2). This
eguation (4) comstitutes a 508 reduction in Qg from the
pﬂhﬂl“ﬂﬁ-m a move practioal
eguation for Op is:

“nﬁlﬂhi—iﬂ:ﬁimmgﬁ

al area of the
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Figure 3.4 Voluetric Flow Rate vs Frequency
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plans (3=0 mm). Decressing igmiter position X (moving the
ﬂﬂm ﬂ-mﬁﬁnmman
restricting tube. mﬁ-mwﬁm

mmmﬂ“mmﬂ-u—

3.4 Summary
Rﬁiiﬂ“ﬁtmﬂﬁ ll_’ jet cperation

by igmiter geemstsy, emeegy depesition, repstitien rets,



boundary (tube). N renent
iﬂlﬂy.ﬂhmmnﬂﬂnhﬁﬂﬁt
] mmﬁh-m;almt.




“633 p.287-298 (1961)




ﬁilplﬂaidmﬁumu:gﬁﬁ
mm-mnﬂmm—e“u
t-;ﬂnﬂm:ﬂi-ulny -
m“hmﬁm“—ﬁtﬂ:mu
pn_ulﬂ.ﬂ. q—jﬁ ﬂﬂmm;m
probleas (Ewvircament Cameda, (3)).

Of the memy igniter designs presently employed, fev
myMyQMﬁmﬂmﬁﬁ-mﬁMﬂ
mqunwyﬁﬂmmmmguya




in a flaring eavircament. This presants an opportumity to

th-umﬁ—mmm

4.1 TNDUSTRTY BACREROWD

mammhmgmgmﬂgﬁ,
which typically cemtains high csmoantrati of toxic
wmw.d“naﬂi-lﬁmr“h
asthane. Conpared to nset coubustible gases, especially
sveet gas is gemerully meve difficult to ignite amd

Nest regulations pertaining te flariag are cencernet
established that, given a reassnably stable somne for
csnbustion (SR & minimun hest standard of 9 W/n?),
Camada (3}). Although elimstie esnditions have the grestest




7laring as a wvhole can be ot !

intesmittent and contimueus (Leshey ot al. (6]).
mwmuamedmm,
sszvice shut-dowms, cmﬂ_ﬁﬁ:mﬁh
“MMM**; it is of extrems
mnmmmmm.ﬂﬂuﬁn_ﬁ
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Figure 4.1 Elevated Flare Stack Mode!
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mmum;ﬁm;_:uﬁmﬂgg
effects of wind and to aid in flams stabilisatiom.
mt.zﬂhim&imﬂ



Figure 4.2 Wind Shroud Assembly
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Figure 4.3 Wind Shroud Flow Patterns
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ﬂ-ﬁrlls-hj-ﬁﬂ-wpl_ictq-ﬂﬂm-tmtm
of ignition (Lewvis (7]). The turbulence plate also served
ennumm-npmmﬂzﬂlmimm
mmﬂﬁiﬂilmﬁlmlmagﬁhmﬁm
pi.mingu;.;ﬁ-mglmmmlim

fashion to lov flow sour gas situstions. Inside a vind

gone with an over-rich incombust
current electrical methods, repetitive plasma jet igniter
~ of obtaining ignition (Kemo et al. ([4]).
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mmuwym-jam_nﬁgm
vere only available using msthane, sinoe its vapour pressure
u-awmmam.a-mm
temperatures.

with the marrow flasmability limits of methane
(5.3-14% by volume) and propane (2.2-9.5% by volums),
mulmuuwto;—mmm
qimthvmmuttymotlzi (4.3-45% by
volums, Mathesom (35]). Svest gas flaring would also
Mﬁt“mi&@lﬁwpﬂmm
conventional (surfsce gap) igmitiom.

4.3 DATA COLLECTION

The repeatability of the data collection process,
apart from prevailing climstic conditions, was primarily
wwmwmwtw&-mwﬁ
mmmtmwm.m:mg;nm
wmw.mummmz::mﬂu
categories; low (<100 cw/s), sedium, and high (>200 cw/s).
Bxperimsntation revealed mhluﬂqﬁ:nﬁf 60, 30,
and 20 seconds respectively, producing satisfactory
mmuuymuucxw conditions. Stronger wind



criteria: number of single pulse attempts to achieve
mmaﬂmtbm.uj:mﬂ
evaluation wvere chosen after comsiderable experimenta
and examination of prelimsntary test results. To the
author’s knovledge, they are presested here for the first
time.

ltnlonlnmtmmjﬁgﬂbymﬁmgh-
MotmuM(m.MM)mta
achieve ignition, to a maximum of ten. The data illustrated
uw‘.ld.immmutiﬁminm
Mummmm-mm (eg.
M).mmmmeuwmm
m.m—joruyotmuuhmgnhg,iﬂm
this criterion. This method was chosen for similarities with
convention ignition methods (electronic) and reduced error
probability (Birch et al. (1}).
freguencies (2, 5, 10Mis), over a time frame of five
seconds. Ignition was recorded as "successful®” if ignition
amumumuueh-agmim.m
exanple, operating at a frequemcy of 108s, it wvas nearly
impossible to viswally judge which pulse initiated ignition.
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h Lmlgﬂltmi&-_hl.ﬂmm&-

wly:ﬂfﬂtlﬂﬂiﬂm: Increased
ﬂmmﬂ!ﬁ@tﬁtﬂﬁ (rigure 4.8). It is
uncontrollables (gas ocompositiom, flov, etc.) presents &
uﬂmummﬁ;m-mwm;m
sucoess in field applicstioms. mﬁmm



plasma jet ignition wes able to emhance ignition reliability
over conventiomal ignition (surface gap).

4.4.2 Repetitive Operatien

The investigation of repetitive igniter operation was
conducted using only one plasma jet ycometr) for ocomparison
mmmmm.mg_c illustrates the
wmuotmmmmﬁgmﬂn
nininal (est. $£108) given the gensral consistency of the
other tests under similar climatic conditions.
produced a sharp advancessat in plasma jet response, a
oap. nwmymmmm&n.m

“’l‘-j“mmqlﬁﬂlﬂﬂlaﬁmmm
(Chapter Thres) that increasing the frequency of plasma jet
eperation eclevates the device’s influence over looal flow

reliability vould be poseible for larger glcbal flows amd/or
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different muym&ﬂ;-ﬂg
te rature, midity) as opposed to

two gases are close; 5.3-14% (CH,), 2.2-9.5% (cgl.) by

volums.

mmy.vm;mrmmﬂm
continucusly choke a large portion of the shroud volume. The
of 10Hs.

of its five attempts, evea after the fifth attempt was
ocontinued for more than a mimute. Flov inconsistencies
failures as well as the mixture limits of C,Ng (2.2 ~ 9.5%
by volume). Under H,8 conditioms, signitiocantly better
results would be expected for both igniters given the wvider
bility renge of Ny8 (4.3 - 458 by volume).




m“ﬂmﬂﬂmjniﬁiMh

tinmnh“mhnph&mﬂhm.
individual pulse ocomtributios would fail to ocollectively
mmgummmugmmg

: ability vould persist, unatffected by ignition source
m ltqhﬁmmmnﬂmimlm
ignition reliability (Komo et al. [4)).

4.4.2 Single Pulse Rerfermanse
ZIllustrated in Pigure 4.5 is a single pulse
ma:mmmmpm:-e
(RTNT) , lov turbulemce plasma jet (ITW), and the surface
gep igmiter (8G). All thres thres igniters were operated from a
mmmjgmymnmmgm
mﬁ.ﬁmrmnﬁ--ﬂﬂmﬁﬂuﬂ
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Figure 4.5 Ignition Success vs Gas Flow
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mummmumu.xmm
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mc.suxmmmmmum
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Mmmmumm. Despite the presence
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Figure 4.6 Wind Effects On Ignition Success



attempts up through the bottom of the wind shroud, it vas
m“@ﬂaﬂh“mﬂyﬂﬁh

4.5 Summary
m“)mMyw“ﬂﬂﬁﬂtm
mnmﬁm—mnﬂmmvm

effects.
conventional flare igmition methods. Repetitive ignition of



control over local flow patterms. This allowed the device
umuumummmqmﬁthmﬁr
surface gap ignition.

The generation of local flow patterns was also
responsible for successful ignition of low flow conditions.
Repetitive plasma jet operation was eventually able to
ignite a fuel-rich sone of gas, a failure for surface gap
attempts. m1mlctmmi§dﬁmlmlmby
mplmjwunnmﬂimrﬁutmtm

Investigation of single pulse ignition again revealed
the benefits of plasma jet operation. The HTRJ displayed
ignition success for larger gas velocities than the IIRJ.
The 1T provided a similar performance improvement over
the surface gap ignition. As before, the |
properties asecciated with plassa jets are mmh.
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pn—gnemmuwnfmmmﬂa

wwnﬂlmhﬁMnﬂ:ﬂi:ﬁ

&-qﬁmmp_ Near the lean flammebility limit,
. hes been found to inhibit flame

m'iﬁpl_jﬁig;ﬁﬂmiﬁymunﬂm
the lean flammebility 1imit, eventually mm inferior




boundary and the range of partial combustion are atffected
by igniter characteristics. A description of the lean
flammability limit for igniters of negligible turbulence
mmunwua%ﬂnﬁuﬂ'
m.wuawm.mmm
mmmmummmm
characteristics associated vith individual igniters.

Partial combustion vith surface gap ignition was
investigated as a function of igniter deposition enexygy.
Under these conditions of lov turdulence, it wvas shown that
the energy delivered to the local gas by the igniter was
able to heat the gas sufficiently to provide a temporary
combustible mixture. The volume of the heated gas was found
to be directly related to the amount of emerygy delivered by
the igniter. Partial combustion persisted umtil external
heat losses foroed its extinctiom.

Cheezvations of early stage combustion pressures and
pre-ccabustion mixtures were greatly eshanced by using
interfercmetric technigues. This optical pressure dstector
provided a significant isprovemsnt in msasuremsnt
sensitivity and accourecy over mechanical transducers.
Optical distections, however, produced by latter stage
combustion, limited the wseful ramge of optical pressure
dstestion. Consequantly, & pieseslectric pressure treasduwocer
wves used te recesd pressure fluctustiems in the latter
csmbustion stages. A csmplete coubustion pressure prefile
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transfer char sristics, it vas shown that if operated

m&ﬂﬂymm“mMﬂlmmﬁhi
tube, tﬁ:plmiptmumliﬁgwm(ér
maazmmmmm
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flow velocity, fusl composition, and the influences of
vind. Lov flow and/or near-stijnant gas flows in wind
shrouds also present a barrier to ignition, producing an
' tible sone of gas, resulting from inadeqguate

flll/lirm

situation. The plasaa jet provides direct tramsport of

in energy delivered to the ignition some would statistically
a surface gap device (representative of current igmition
incombustible, fuel-rich mixture. T™he plassa

burets rether thaa repatitively ever a lemg time spam. A




WWot&-ﬂ_jﬂﬂm.
establishing control over local flow patterns.
mmamor’mmhmmtﬂ
ignition characteristics of the igniting source. The degree
of combustion achieved is greatly affected by turbulence
1m1umm:w-.mmagmuﬁ
indicetes the characteristics of the region between full and
no combustion, the limit regiom of lean flammability. It has
mmwmmﬂmjﬁmﬂu

in mixture comtrol. Plasma jet b
muwmwcm:gnﬁmm_

under different envirommental and operatiomal conditions.
The necessity of igniter induced turbulence for local flow
mmmmx—ilj—ﬂnmm
environment. mwﬂﬂ_jﬂl-lﬂn







