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SUMMARY

Experiments huve been carried out on the effects of pressure,
velocity, mixture strength, turbulence intensity and turbulence
scale on minimum ignition energy and quenciing distance. Tests
were conducted at room temperature in a specially designed closed-
circuit tunnel in which a Tan was used to drive propane/air
mlxtures at subatmospheric pressures through a 9 ecm square working
section at velocities up to 50 m/s. Perforated plates located at
Lue upstrecam end of the working section provided near—isotropic
turbulence in the ignition zone ranging from 1 to 22 perdent in
intensity, with v#lues of turbulence scale up to 0.8 cm.

Ignition was effected using capucitance sparks whose energy and

auration could be varied independently.

The results of these tests indicuted an optimum sperk duration
for minimum 1gnition enerygy of 00 usec, Rectangular, arc-type
sparks ‘of this duratlion gave lower than previously reported values
of 1gnition energy for both stagnant and {lowing mixtures, It
wus found that both guenching distance and minimum ignition energy
increuse with (a) increase in velocity, (b) reduction in pressure,
(c) departures from stoichiometric fuel/air ratio, and (d) increase
in turbulence intensity. Increase 1n turbulence scale either
roiscu or lowered ipgnition eneryy, depending on the level of
turbulence intensity. Lguations based on an ldealized model of

tue ignition process satisfactorily predicted all the experimental

data on minimwa ignition energy.
INTROLUCSION

]
Although the process of 1ynition Ldas vecn subgected to many



experinental investigutions, the amount of publishee cata oo
spark ignition in turbulent, Ilowing guses is relatively snill.
In faet, tue only aajor coantribution in thils acea is Lhat ol
Swett) who studied the efTects on ignition energy of variutions
in pressure, velocity, fuel/air ratio and turbulence,

Lxpericnce on many types of combustion system have generall)

coni'irmed the trends observed by Owett. Nevertheless, his

eiperimental values are considered suspect for the following

reasons:

L in some experiments the spark gap width was below the
guenching distunce, thereby inecurriny excessive heat loss

to the ulcctrouus.z

2 N0 1adependent control was exercised over certain important
spark churacteristics, For example, spark duration varied
with flow velocity und often exceeded the optimum value.3

3 A glow discharge wus employed instead of the more erficient
urc discnarge.!

4 Thne trestment of turbulence was very linlted; Jor exwaple,

v

0o consideration was given to the effects o turbulence

oCadLie.

in view of these deficlencies, and bearing in mind tue
imporiznce of accurate experimental duta vo the design of igaizvioa
equlpment and the development of ignition theory, it was deciuea
to undertake a detailed ang systematic investigation of thie main

proroaseters lndluencing mindoua ignition energy and guenching

digtance in {lowiny miatures, namely, bressure, velocity, Tuel/air

ratlio, turbulence inteaslity and turbuaence scalc.
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Tesls Were carried oul ab room Lemperature In u speeially
deszgned closed—cireult tunael in which 4 fan is used 0 drive air
throug:t & 9 cm squuare working seetlon et velocities up to 56 m/s,
AS thls system 18 totally enclosed it is ideally suited to the
stuay of ignition in flowing peseous mixtures at subatumospheric
pressures., Located at tne upstream end of tne working scction
are vuriocus perforated plates which can Zenerate near—isotropic
turovulence in vhe ignition zowe ranging frow 1.0 to 22 percent in
intensivy, with values of turbulence scale up to 0.9 en. The
working section, as illustrated in Fig.l, is fitted on two opposing
walls with schlieren=-free glass windows to allow the initiation
and development of tne spark kernel to be visually observed and

prnotogrupued.

“ue turbulence propuertles of the flow were examined in detuail

at & pressure of 0.17 atmospheres, At such low pressures

fnudsen number effvets on the heat transler from conventional hot
wires ol 2 = Y pm diameter become signiflicant, o overcome tals

proviem 4 70 wa dlwneter not wire wus chosen, bused on the

"

¢riterion of Boltz,. Tiis Lus an upper irequency Jsesponse ol

30 Esie woich was consldereu sdeyunte, Further detadis of the

lenginy calloration procedures euployed are containeu in Ref.5.

Tace signals - from the hot wire were processed using & Disa HHLlL
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Lurvuient vorticidy 1n combuibion. Morepver, wne combination ol

a

Ly A and n proviaes a fairly conpiete deseripilon ol Lioe turbudoent

conerly spectrum, Y

Jetails of the perforated plates employcd Lo generate
turvulence are contained 1in tie Appendix, From measurehents
carcied out with an X probe, 1t was found that tue turbulence wag
nearly isotropic (u' = 0.9 v' for u'/U < Y percent, uw' = 0.75 wo
0.9 v' for hign values of u'/U). At all conditions tiae Reynolas

LRy »

nunber of turbulence, HUA’ was sutficiently high for the turvulient
flow in the ignition zone to be in the "initial period' of ius
L &

decay .

Althousn many dilfferent electrode jeometries and materials
wore lavestigated, plain electrodes were selected vecause of tuelr
relavively iarge arca of contuact with the gas which zllowed
gceurate definition of quenching distance. Heat resistant
stainless steel was considered to be the most sultable electroae
material due to 1ts low thermul conductivity ana high wear
resistence. he cuoice of electrode diameter posed prodlenis

since it was recognized thut too large 4 size would aluer The
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sone, wiile too smull a size would prohivit uccurate definition

of" yuenching distance, An electrode dimmeter of 1 wwl wou

(e}

evenhaally Geclded upon as being skightly smaller than the lowesy

oOWaLIl Wils

measured value off Al Accurate contral of the ¢

sccompiished using s micrometer heud attached to one electroue.
Soark cnercles were sacasured by mounting high voitage
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current and voltagoe resdings,. b all experiments &

current density ol S0 amps/en® was maintained in the eleetrodes

inoorder to prevent vhe possiole occurrence ol o glow=type

7 The electrodes were connected to an irnition unit

discharge.
Getlgned to supply 'rectangular' shuped sparks whose onersy and

aurstion could be varied independently. This type of spark was

cnesen oa the basis of a recent sepurate study carried out by

by
@]
&1

the authors to determine optimum spark characteristics

minimum ignition energy.3

betore each test the tunnel was evacuated and then suptliicd

witi all' ana propane to the desired pressure and fuel/air ratio.

‘e fan was then started and 1ts speed aclusted to give the

required veloelty through the working scetion. The ignition
unil was tien switched on and the spark cnergy gradually increased

untili the onset of ignition, he eriterion for a succescful

~

ignition was tne visual appeurance of rlame., After each run tne

system was purged in prepuration for the next test.

‘his procedure was curried oub At cach uperating concition

i 4 R ] s o g i © ey e Tis e Sl 5 vE e e T
for several uiiferent values ol gap width. By ploiting a grapn
ol Lgniitich eneryy agalinst gap wiatng & . Woas obiailned as The
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Lowest polnt oa tae praphy wiile guenchilng distance was Gefined

as vhe gap widsh corresponding to & Fo* The experimental uvavs
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of & ul i number of diidlferent operating conditions. ATouny
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one condlbtlon the maximus scatter optalnes wes less than T peroent.
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Thnids was considered satistactory. sSome of Tihe resulis obitoliieg
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a pressure of 0.17 atmos are listed in Table 1 along with
corresponding measurca values of u', L, A and n. These data were

all obtainced using a spark duration ol 60 us, since a preliminary

11
o

.

series of tests had shown this to be the optimwa duration for

minimum ignition energy. Some of tne results of these tesis
are presented in Fig.2. In all subsequent experiments a constant

spark duration of 00 us was employca.

Mixture strength

Figures 3 ana & respectively show the influence of mixture
strength on E . and d . t 1s of ianterest to observe that
min q _
these and other curves exhiblt minimum values at an equivalence
ratio of around 1.04, whicn corresponds to maxinmuwn f{lame temperaiure
for proparne/air mixtures at this pressure. This tends to sujggest

that thermal processes are controlling, wnich is at variance with

the sclective diffusion mechanism proposed oy Swett! and Lewis

i 2 = | 5 2 s . = :
ang von glbe¢ to account ror their observed shllit in Lﬁin and uq
values towards much richer mixture strengths. With flowing

mixtures, however, 1t scems probable that transport processes
withiin Lthe flmne zone are acceleratoed to an extent which outwelgshc
tiie efrects of prererential dlffusion rates. In the prescnt work
it was observed that as velocity increasec from O to 20 m/s, the
valee of ¢ corresponding to minlamwn ignition energy decreascd
feom 1.1 to 1.04, Moreover, a careful scudy of all published
work on spnerically or cylindrically expanding flames revealed
tant saximun values of turbulent flame specd elways occurred au

i o

@ = L.0h (see, for example, Fig.25, Rer.b and Fig.), ftef. ).



Thus for turbualent Jlowlag mixturcs it would appear that both
guenicinlng distance and ignibtion energy abiain wminioum values ol
wikture streagths corresponding to asximun flane temperature.,
dowever, to clarifly this point, further tests are planned using

higher hyarocarbon fuels, e... hexane, for which the reporved
dif'ference between tne equivalence ratios corresponding Lo

() maximum flame temperature and (b) minimum ignition energy

(stagnant mixtures) is much greater than for propsane.

Velocity

The adverse ef'fect on En’ of an increase in flow velocity
JdLil ¥
15 illustrated in Fig.5. This occurs mainly because the spari

serncl, auring tne initial period of its developuent, becoues
more diluted with colu mixture, thus requiring more energy o
compensate for the loss of neat. tiowever, veloeity also tends
to dispiace the spark in a downstreum direction, thercby revucing
the losus ol henat ana active radiculs to the electrodes. This
effect 15 especially significant for an arc discharge where most
Ooi the vnergy lics in a positive colwan waich 1s distributed
falrly symmetrically petween tne eleclroaes. However, witn a
gLow discharge nmost of the energy, typically about 60 percent,

is conceatrated in the vieinity of the cathode. Therefore the
snifting ol the positive column away from tue quenching action of
the clectrodes 18 nmucn more beneficial for an arce alscharge tLan
for @« glow dischargss. Yhig could explain why the Jmin vaiues

OuL .Lnet in the present study show a lower dependence on veloceluy

tnan the mneasuraents of Swett.?

e effecty of pressure ol guenciing UdISLance &id MLinlinud



lonition enelgy are shown in Fios. O and 7 respeetively oo
vaurious values ol cgulvulence ratio. Aunlysis ol taese and otuer

daln obtuined at aiifferent velocitles indicates tnoat o 2« P

=U.ud
¥
whicn isconsisten. with previously reporied data on stagnun

mixtures and lmplics a second order reaction,!'

The pressure cxponents obtained for B . at various values
min
of equivalence ratio are shown in Fig.d. In general, the eflect
(=3 (=3 ¥

of variation in equivalence ratio on n folliowe the same trenus
reported for stapgnunt mixtures except thoat all values are lower.
Fig.o also shows that while n = 2 for stagnant mixtures, the

cet of velocity is to rapidly reduce n wo a value of 1.25 when

fully aeveloped flow is attalned, beyond which the pressure

expunent slowly declines with {further inecrease in velocity. The
theoretical implicutions of thls result are discussed below.
Turbulence intensity

Turbulence affects the igniticn vrocess in severul dilferent
Wiy s, First, 1t promotes ignition by wrinkling and lacerating

Tne Iluame front, therevy effectively increesing its surface area
for propagation, Moreover, witnin the flame zone itself the
transport of radicels and otner wetive specles 1s accelerated.

However, at the same time turbulence inereases the loss of heut
: ]

by diffusion to the surroundliy unbuyrned gaed. The experimentul

e

evidence ovtained, as illustrated in FMigs. J and 16, shows that
tne latter effect is overriuing and thul both guernching distance

ana i nition energy increase wiih increase in turbulence invensiiy.

G R & -
Purbulente gegle

B LI SO - TR Q... O . S A T
I oPeYious STuales wi gnlitlon 3o colept ol darvulence sedle

on ionition cnergy Wab ODBCrVew, Cliinul LLCause sCude Was nol



varicd over & sutficlently wiue range or because any change in
scaie was accompanied by o simultancous change in some other
important Ilow parameter. In the present study, a number of
experiments were speciully designed in which wide variations

in turbulence scale were created witnin the ignition zone, at
constant values of mulnstreanm velocliy ana turbulence intensity.
In this way it was possible to study the separate effects on

ignition energy of turbulence intensity and turbulence scale.

The results obtained on turbulence scale for stolchiometric

mixtures are presented in Fig.ll. This [{igure shows that at low

values of u'/S,, Emir decresases with increase in scale. However,
el -

as u'/SL ig raised, the dependence of Emi" on L changes in a
Ld

complicated manner which is illustrated more clearly in Fig.l2.
This shows for both L and n the rate of change of minimum ignition
eneryy with scale as a fuanction of turvulence intensity. This
Jigure demonstrates theé existence ol transition regions at

al o= 51 and u' = hSL. Between these values Enin increases witn
increase in scale; however, at lower and higher values of u',

¥ . diminishes witn increase in scale. it 1s of interest to

ain
note that analysis of data on turbulent burning velocities!!?
reveuals a transition region around u' = an corresponding to the

peak vulue of d E . /dL in Pig.l2. It is clear therefore that

min
any proposed ignition theory must take into account the important

erfects of turbulence scale.
THEOHY
The process of spark ignition in a Jlowing comoustible

siixture is visualiged as follows:— aniliel padsage of the spark

ereates a cylinarical volume of hot gas between the electrodes,
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ciLene Lois volume ip a downstrewn Jirecbion, as fliustrated
in MFig.id. Under fuvourabie conditlons, boe roale of aeat

penerabion by chemical reactlon at bthe aernel sucloee may

exceaed the rate ol hewt loss by turbulent diffusion. i
nappens the spark kernel will continue to expand and & successful
ignition 18 assurcd. However, 1l ['ur any reason ti
Leat relewse at tlie Kernel surface 1s less than the rate ol

newt loss, the temperature witnin the kernel will continue to

fari until the rewvetioans cease altogethoer. Thus, s in

o
[ =
(9]
H
P

previous theorics, tical lwmportance is the size

to which tne spark kernel has grown by the tilne 1ts temperaturc

hiis fellen to the normal flame temperature of the mixture.

.

The eriterion for successful ignition is that at this point

the rate ol heat release in the reacilion zoae surrouncing the

SpLri sernel should exceed the rate ol heat loss {rom the

voluiae, This model for the ignition process is similar to

taut caployed by Swett,! the essential dirrference being thax

whereas Uwett's theory contemplates heutl generation throughout

s based on the

| it}

the entire spark volunme, the present lheory
assunphion that the heat release occurs entirely in the [laue
front 1tself. et niou e bi-0od L av ol ol g 100w Al e
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suhissiew wnen Lhe width of the spard

iwice the thickness of tne fliame zone, i.e. d = 2§, or 2§, as

showrr 11 Pigdel 3. SE Lhas asls 3t iy pogsalle to derive
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In Eq.(2) the term Re, represents the additional loss of

%

heat from the spark kernel due to the effect of mainstrean

velocity under conditions of very low turbulence. In Egs.(3)

ance (L) the terms Re. and (u'/S.) muy be regarded as representing
L L

respuctively the additional heat loss arising from () wrinxling

ol Lhe lame front, and (b) increased "rousianess" of the rlane
e ' 4 = L . 3 ’ \ a r
TN e, Vne only basie difference betwoon Hg.iy) asd Egn. L35
i b z " = B s 2 gy [ e i
“4nd (4 18 tawt L now appears 1 the denominator. This 1s

coannlistent wita the results of the authors' work on the effects
Ol turbulence on burning velocicy.l* These shuwed tnst, under

conuivions of low turbulence inten:

/s iherease in L railses S_,
i3

preswadbly due to increased wrinkling

L]

Lwowever, waen the turbulence intensity is high, increase in L

e - i 3 Y i ey g Lol -y TR g e o
vends Lo streteh the flame surfgce (via the term u'.8./8..L in
J..Ij Gy
dd
Fa 8) Ttheroby vadusing 1+e Fourhihesa
Sele vy LLCICLY TEUUSLIDEG 1US rougliniess.
{5 & By & T ST e s e o g
4% v peehd TO L) Lne constants Duh5, s . { and J-u'l.) wWere chnosen
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caergics were calculated by lnserting apuropriuate values of d
DpTOL 5

i ol a0 5 oy LT = . . = il _ = 3 -
aliu U.c, ~Tron ;;(15.(¢ to 5}, 1nte the [ollowing expression {or

" s o A v
B oo B FE JHJETWV.
min

where V = xernel volume = a (HN/4.d? + U.t .d
o ¢ 5 ¢

Tne results of caleuwlations of for a range of values of

E .
min
oressure, veloclty, mixture strength, turbulence intensity and
turbulence scale are plotted in Fig.ll ggainst actual measured
vulucs. In all calculations the valucs of 5, employed were

+
obtained from the experimental data and dimensionless equaticnas

for 8,,/S, presented in Refs.(1lli) and (11). The level of agree-
s ad .

nent snown is considered very satisfuctory.
CCLHCLUSIONS
2 bxperimental studies on the spark ignition of propane/air

ixtures using 'rectangular' arc discharges of optimum duration

have demonstrated signiiicantly lower than previously reported

values of ignition energy ror both stagnant and flowing mixitures.

2 Burlicr findings on the adverse cffcet of mainstream velocity
on ignition are contfirwcd. L4 1s supgprested that the malo

eilecty of veloelty 1s ia promoving heat loss from the spark

xernel during the passuape i the spark. Upon completion of the

spirs the kernel is rapidly accelerated to the mainstrean

; - 2 | T SR — s Ty TR N S i Yy £ . - -
veloclity and frowm taoen on 1s subject only to the fliuctuating

P A s -
components of velocity.

o Mowiosr cases Lppiititn ener pen are rowest at mixiture

PO PR ERaE S L

i T = o 4= Tt o e
SLrUnguhl Correspondinl, o0 mdalillis o alg Lunoerature.

8 oo 3
min



A% p1

Ignition energles iucrease with roduection in pressure
accoruing to relutionship k « for stajgnant
stolchiometric midtures o = 2 but, with the onscl of flow,
n salls rapidly, reaching a value of 1.2% waen fully
aeveloped flow 1: avtained. Any departure from §@= 1
towards "either richer or leaner mixturcs causes Turther
reduction in the value of n.

Increase in turbulence intensity raiscs I

s e
min

& .  may increuse or decrease with increase in turbulence
Y
gcale wepending on the level of turbulence intensity.
Prunsition regions are observed around u' = S and u' = L5

w—d

in walch Lm‘ﬁ is wsvensluly independent oo turbuleunce scale.
k&

Lxperimental duta on guencalrny aistance follow the same
general trends as for ninimum ignitvion energy. Thas 3% 38
founc that guenching distance increases witi increases in

veldeity and turbulence intensity, and with reduction in

pressure,

Equations bascd on an ildealized model of the ignition
process, in conjunction with previously werived expressions

Yor turbulent burning velocitly, satisractorily predict all the

experinental date obtained on L1'ﬂ’ ilacluding the effects of
Hdal
turbulence intensity aau scale, and also the reductilon in

pressure exponent with increase in velociuvy.



SOl CLATURE

Le

e

Jaminer buraing velveity, cm/fs.

tursulent burning velocity, cu/s.

mainstrean velocity, m/s or cm/s.

r.m.s,. value ol rluetuating velocity, com/s.
lategrul scale of turbulence in transverse al
Tuylor microscale ol turbulence, cn.
Kolmoporoll scule of turbulence, cn,

cnermel conductivity, cul./cm.s. %,

xinematic viscosity, em?/s.

secific heat, cal./gm. C.

temperature rise due to combustion, 55
minimu igaltivn energy, mJd.

laminar flame thickness, cm,

turvulent flume tulekness, i,
thickness of spark kernel, cm.

eritical thickness of spark rernel, cm.
guenching distance, cm.

souark kernel volwie, cc.

cquivalence ratio.

(U.dr;’u)

{u'L/v)

( LL'}. /"\J _;

preLLLTE,.

preusure exponent.
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It wus not possible to include the following figures in the
original version of this paper (presented at the Fifteenth
International Combustion Symposium, Tokyo) due to the limitation
on space.  The data presented in these figures is, however,
penerally correlated by the derived expressions for the minimum

rnitlon cneryy.

Figures 3n, ha, Sa, ba, 9a, 10a.
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