a>

Ndtional Library

of Canada -du Canada

Canadian Theses Service :

Ottawa, Canada
- K1A.ON4 =

- CANADIAN THESES

’ NOTICE
The quality of this micréfict)e ‘js“-h‘eav;ly dependent upon-the
quality of the originil thesis Submitted for mucrofllmmg Every

- effort has been made to ehsur® the hlghest qualtty of reptoduc— :
tion possible. . . .

Y .

if pages are missing, contact the untversny which gramted the :
degree. .

[,

Some pagas<nay have indistinct print.especially if the original

pageswere typed with a poor typewriter ribbon or if the univer-

sity'sent us an inferior photocopy.

-~

Prevtously copyrlghted materials (joumat arttcles publnshed
tests, etc.) are not fnmed

Reproduction in full or in part of lhl,S film js governed by the
Canadian Copyright Act, R.S. C. 1970 C. &30

. THIS DISSERTATION
'HAS BEEN MICROFILMED =
' EXACTLY ASREGENVED @

e

NL-339{r.86/06)

Bibliothéque n‘ationale:,

Services des théses canadiennes

) _ [
THESES CANADIENNES .

AVIS

La qualité de celte microfiche dépend grandement de laquaité,”
de la thése soumise au mtcrofrltnage Nous avons loutl fail pour

assurer une qualité supeneure de reproductton

3

S'il manque des pages, veuillez comimuniquer avec. luniver-
sité qui a contére le grade :

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont ét¢ dactylographiées
a I'aide d'un-ruban usé ou si I'université nous a fai, parvemr
une photocopie de quahté tnténeure

Les documents qui font déja I'objet d'un dfdit d'auteur (articles
de revue, examens‘ publiés, etc.)'ne sont pas microfilmés

La reproductlon méme partielle, de ce mtcronlm est soumtse
alalLoi canadlenne sur le droit d auteur SRC 1970, ¢. C- 30 -

Y

LA THESE A ETE
' MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

- Canadd



THE UNIVERSITY. QF ALBERTA

A SCHLIEREN STUDY OF FLAME INITIATION
by

RICHARD F. HALEY

Al

&

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND’RESEARCH
.IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE - DEGREE
OF MASTER OF SCIENCE

)

DEPARTMENT OF ELECTRICAL ENGINEERING

- EDMONTON, ALBERTA

-

SPRING 1986



S B

Permission has been granted
to the 'National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
has reserved other
publication .rights, and
neither the thesis nor
extensive extracts from it
-may be printed-or otherwise
reproduced without his/her
written permission.

{

N ' “ISBN

) e
L'autorisation a eté accoride
a la Bibliothegue national.e
du Canada dé microfilme:
cette theése et de préter ou
de vendre des exemplalres du
film. ’

.L'auteur {titulalre du drolt

d'auteur) se réserve les
autres droats de publication;

ni la th®se ni1 de longs
extralts) de celle-ci ne.
doivent tre imprimés  ou

autrement Yeprodults sans san
autorisation &crite.

0-315-30224-0



THE UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR \ RICHARD F. HALEY
TITLE OF THESIS ﬂ A SCHPIEREN gTUDY OF FLAME INITIATION
DEGREE FOR WHICH‘THESIS WAS PRESENTED MASTER OF SCiENCE
YEAR THIS DEGREE GRANTED SPRING 1986 ‘
Permission is hereby granted to THE UNIVERSITY OF
ALBERTA LIBRARY to reproduce single copies of this
thesis and to lend or sell such copies for private,
scholarly or scientific research purposes only.
',The author reserves othe? publication rights,Vand
" neither the thesis nor exfenéive ;;tracts from it may‘
be printed or otherwise reproduced- without ﬁhe author's
. written permission. | | .0
, . iy L,
(s1oNED) . J6 "*‘9’ e
PERMANENT ADDRESS:
*’7c/ S 135 - Cank

-on..u. R EE R T EIES

f}ﬁuoniaﬂ FVZZ

OOl.oo.-otnanno.o.ooo.-ovo-

JE&. 6

LY o-.oucoouoooouo.--
‘

DATED .. jo‘*‘gl e 1906

(. ool S : X .



r .
~
. »
7

L - A ’ -

3
. THE UNIVERSITY OF ALBERTA S

FACULTY OF GRADUATE STUDIES AND RESEARCH Cu

"The undersigned certify that they have read, and
recommend to. the Faculty of Graduate Studies:and Research,

for acceptance, a. thesis entitled & SCHLIEREN STUDY OF FLAME

INITIATION submitted by RICHARD F. HALEY in pantial ‘ Fiﬂ
fulfilment of the requirements\for the degree 6f MASTER OF
SCIENCE in ELE'CTRICAL ENGINEERING. k -
o
- 4
1 BupervisQr
y (f’[( \
./;w‘...(?/.{ ‘-’7&-,,__,_ P e e e
N AP
\\
. o : ' \ L
- /1'\ HNAVA .
_‘Date..;..;gk.ﬁ.f!,L> CEERRRERRPE |



Abstract ' ‘ .

-

A high speed schlieren camera system is descrlbed—whlch
‘allows the recording of flame keqnel dgvelopment at speeds
of up to twelve thousand frames per second Each frame was
1llum1nated for only one hundred nanoseconds to provide -

sharp images, including those of the shock'waves prodmced by

hA‘

the electrie‘dlscharge. ' i 5

Photographs of the flame kernels in three mlxtures of °
J
methane and air show a definite 1ncrease in flame speed w1th

1gn1t10n by short duratlon sparks ;Flame kernels ignited by .
short duration sparks were more turbulent and expanded

faster than flame kernels ignited by longer duration sparks

of -the .same eneréy.
., ® . P
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T . Aﬁ
1. Introduction e
@ .

“This work describes a high speed schlieren camera
system with a pulsed laeer ddédeilight’sourée and 1its use
in the study of the ignition of combustible mixtures. The-/
.effect of spark duration in the ignitionvof methane 1in air
was studied as an example Qf the use :of this system.
;Otdinari-pléturésof“thdg{isible flame, while showing the
,flémé front, provide little information about the flame
structure behind the front: Turbulence, in partiéular,

shows up very clearly in schlieren photographs (Keck,

1982). s

Air pollution and.tne increasing cost of‘gasoline
bqth exert pressure on society to develop more efficient.
and cleaner burning engines for automobiles. Lean‘burn o

‘engines have the potential for increasing the efficiency '
ofjthe automopile, At the same time pollution generated‘byb

the engines may.be,:educed (McGeéer and Durbin, 1982). For ,
the :mst decaif research into. lean burn internal

combustlon englnés and altefnate fhels H%s 1ncreased In -

Canada,'w1th Its'rélatlve abundance of natural gas,_

s EC—

automoblles fueled by methane are a loglcal ch01ce for

I3
¢

a future transportatlon. Unfortunately, methane exhlﬁlts a

lower flame speed ‘than gasollne and the flame speed of

¢



methane is reduced with inkreasing pressure. Due to the

increased ignition delay advanced ignition timing is

- > »

‘required byﬂinternal combustion engines fueled by methane.
The inereased burning tfne due to a longer igrfition delay
and‘slower flame speed result in a loss of power and
efficiency,dreducing the attractiveness of this fuei‘
(Gettel andstai .1983); In‘addition operatlng an

1nternal combustlon eng1ne with any lean fuel- a1r mlxture

S

results in increased burnlng time,“requiring advanced

spark timing, again causing a 1055'ofprQer and\f‘ .
» A - - _

. [} . = . . A. .
‘efficieney. I1f combustion duration for thése two.caﬁes
c¢ould be reduded subStantial'savings in gasoline Qourd ﬁ 

result.

Maly and Vogel (1879) found thaﬁ,if the spark source

can add: more energy to the flame kernel before the flame
front develops, the Marnel will be larger and the initial
flame speed w1ll be-increased. It has beenydem?nstrated v

'thataeerx §hort duration (<1OQ‘nsf.sparkdsdurces-show a g'v,
greatiyﬁigéreasedvEf}iciénéy er changingvthe elect{idal'dv
energy frbn»thensoprce toethermal'enerdyvin the gas. (Maly,l

s 1980). The more rapidly the spark energy ;S depos1ted in )
the gas, the hlgher is the resultlng initial flame speed o

Afstandard automoblle spark has_an;energy Qf about”thlrty;~'H

N



milligjdules and a typical duration of one millisecond

(Oberts 1973).

For the purposes of these experiments short duratiop

{3 mHErosecond) sparks of three different energies were

compared to a one joule, fi1fty microsecond spark, wiﬁh the
v _ _ /“
latter spark being the standard. Four sparks were €hosen
. . ’ . /
for this investigation. To make any differencesléasier to

i

measure a large ( one joule ) stored energy was used. For

o Ry :
simplicity, t?e tifey microsecond discharge will sometimes
. ‘ ‘ K o/ -/
be referred to as the 'slow' spark and the /submicrosecond

‘ T

. o, © ’ 4

discharges are sometimes called the 'rast{4 sparks.

Schlieren photography, an elegant ,ethod for flame

®

position measurements, is presented

Chapter Two. The ,

Kodak Spin Physics SP 2000 Motion Analysis System (SP

’

/ -
- 2000) provides sequentiél photographs ©f each flame trial

v -

and is descrlbed in Chapter Three. The laser diode light

4

Asource used to 1llum1nate the schlleren system to
[4

photograph the flame is also presented in Chapter Three.
.Q N
‘Chapter Four descrlbes ‘the’ eXperlmental set up. The
\ z- , . '

characterlstlcs of the sparks and the power supplles which

créate them are also found 1n Chapter Four The results of

the flame @ravel measurements usang four dlfferent sparks
"k(' :
in- three &1fferent fuel-air m1xtures is- dlscussed as well.

PR )
- . -
oy



The investigations'of Spérk efficiencies and pressure.
changes in the test cell areupresented in Chapter Five. It
was found tha§ the thermal efficienc§ of .the two one joule
sparks were diffefent. Chapter Five describes the
experiment and equlipment used to méasure the spark
efficiencies. The efficiency test cell wasvused o tind
the energy‘of?the fast digcharge which‘pu; the same amount
of thermal ehergy into the gas as }he one joule, fifty
microsecond sp;rk. |

The mixture ratio 1s denoted XN where

stoichiometric mixture volume ratio

A = . .
actual mixture volume ratio

The stoichiometric ratio for methadé.inwgdr.is Q.5 parcent
by volume (Lewis and von Elbe, 1961). Three mixtures of
methane and air were investigated. These were A = 1.0,

I3

A= 1,2 and x» = 1.5.

»



2. Schlieren Photography

Schlieren is defined as: regions of varying
refraction 1n a transparent medium often caused by
pressure or temperature differegbes and detectable
especially by photographing the passage of a beam of light
(Webster's, 1973). There qre many variétidns of schlieren
photogr$phy depending.on the light source, the test
section and the lenses available. These experiments used
thg single pass, parailel beam, z-geometry version as
shown in Figure 1.

When a parallel beam is focussed to a point and a
“ knife edge 1intercepts. the focus, no light is.transmitted
to the camera. However, if the parailel light is disturbed
by regions of différent‘refréctive index some of the light
: w&ll‘hot be.foCuss%Q/é; the knife edge. These perturbed
rafs will'eithe; be blocked b? the knife edée or pass over
‘it to the camera [Fig.2]. Refractive index in gases varies
with tqmperature. Parallel beam schlieren photography
- sends a collimated beam of light through the‘tést section

containing, in this case, the early stages of a

—
e

methane-air flame. The flame is hot compared to the
surrounding gas so its refractive index is lower and the

ligﬁfyquqh passés obliqueiy‘through/the edge of the flame

)

A 5
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Figure 1 Parallel Beam Schlieren .
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Figure 3 Schlieren Using an Iris



1s deflectéd toward the cold gas with its higher index of
refraction. Light which eﬁters and exits the flame through

a perpendicular face of the flame front 1s relatively
undisturbed. Thus the light which has passed‘thrpugh the
leaéinq edge of the flame front 1s deflected past the |

knife edge and is recordéd on the photograph

N\

(Weinberg, 1963).

Many light sources were tried hefe but all were.

focussed and passed through an iris to form a point source

’
with the desired beam divergence. If a point source 1is
- d

placed at the focus of a concave spherical mirror the ;

result 1s a parallel light beam. This parallel light

passes through the test section and is collected by

another concave spherical mirror. Since the light
collected by the second mirror is parallel, it is focussed
to a point given by the focal length of the mirror. At

this point a knife edge is placed to just intercept the

spot of light at the focus. In this case some_of the

‘;fhadgf;ectéd rays reach the camera and some of the light is

b}&ﬁked by the knife edge. The amount of light blocked by
/ » ) . ‘ . : . ‘ .

the knife edge at the fTocus determines the brightness of

‘the background; fnte:cepting more of the light makes the

backgréund darker and increases the contrast of the system

Fy
.



¢

since the deflected light shows up more clearly on a dark
background. If the knife edge blocks.more than the fpcal

point the system is less sensitive to small chamges in

‘réfractive index since more of the deflected light is

o, ¥  stopped. ' ‘ — )

&

” Flames generally have a large differeﬁce»in .

N et

refractive index from air or the unbu;nt/fuelta}rfmixture.

. Using-a reduced sensitivity causes the photographs to show/--—é P

,

a greater range of deflections. For conditions where the
camera requires more light the knife edge can be ‘feplaced
by an iris. The' light which was previdusly blocked by the

body of the knife edge can now reach the ¢amera. The

L

background -light is unimpeded and the deflected -light is

-

blocked by the iris. This method 1s less sensitive, but in

flame studies the loss in sensitivity is more than offset
- g

by'the gain in light intensity [Fig.3J.'Thé sensitivity of

.the system aléo dependsson the focal iength of the -
collecting mirrqr. A longér path from the te;t se&fion,to
the mirror incréaSe§ the sensitivity since a deflected ray
Qill,be farther from its expected‘pOSition.'

. Tﬁe»basis for thesg’experimgnts ié‘a‘schlieren camera
system Which can photogfaph results on Poiaroia‘fi;m,ABShm

film, or on magnetic Qideovtape [Fig.a]. The schlieren

.
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X

system used 1in this study utillzed fifteen centimeter

diameter front surface concave spherical mirrors with a
. L]

two hundred centimeter focal.length, so the parallel beam
. /

A

should be four meters ldng. However, due.to problems with
electrical interference in the SP 2000 camera, the

distance betweén the two mirrors was increased to eight
. *

meters..

2.1 Light SoUrcé

The light sources which were tested and rejected

L

included a-tungsten halogen light bulb, an eiect%ic

discharge from é plasma plug ( which can be atlmented by
, - ‘

firing into Argon), or a.ten‘m{lliwatt Helium;Neon laser.

Finalléxeeriments used“a pulsed thirty watt laser diode

s

Several lenses are required to form the laser beam

(RCA SG 3001) emitting at 904 nm.

int% a point sourge with the desired divergence. Each lens
adds aberrations to the laser light, and photographs

. . . ' By :
ilTominated by a Helium-Neon laser suffered from a great °

deal of interference and laser speckle. Interference and

laser speckle are related tofthg*ﬁoherence of the light

¢

source. Coherence length is a"function~of the bandwidth of

 ‘thé light sou;cé.

Le

.
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The ‘laserrdiode has a relatively broad bandwidth
compared to the Helium-Neon laser so the coherence length
1s much shorter. If two lighg waves travel paths which
differ 1n length by more than the coherénce length then
interference between the two waves will be sharply -

redgduced.

Igighe laser light passes through or reflects off a

urface whose rdhghness is less than the coherence length
. \

ut gfeater than the wavelength of the light, laser

5 -

speckle occurs. It is due to the surface shifting the-
phasevqf the light-without destroying the temporal
coherence. When the light is‘imaged on a camera the
wavefrontS“;rrive out of phase, but are still coherent.
Thi? gives rise to interference patterns of the same scale )
as the diffractioh limit for the light in use.

Coherence length (lc) 1s a function of th; wavelengéh
(N\) of llght and the spectral bandw1dth (ax) -(Dainty,

¢

1984),

EAI . . 7 -

.For-the‘RCA>SG 3001 lasér-diode A = 904 nm'and AN = 3.5 nm

- at the half'poher points. Thérefbre,_the coherence length’



rk

‘camera.

) '2
is expected to be approximately 0.2 millimeters. In the
schlieren system the laser diode light 15 reflected from

an inclined spherical mirror at an angle of about 140

mrads. This causes an optical path difference of more than

six millimeters before the iight has even reached the test
section. Since the path length difference (6 mm) is
greater than the coherence length (0.2 mm)»significantLQQ

interggrence was not a problem when using the laser diode

&

-

as a light source (Clarke et al,1985).

Other reasons for using the laser diode are that 1t
‘. v !
is simple to operate, low cost and: g¥fyerates no

appreciable amount of heat:i It 1is €

ectively a point

source and can be pulsed to 'freeze' the motion for. the

The parallel bqam was normally eight centimeters in

diameter with a divergence of less than 0.3 mrads. The.

L

édvaﬁtages of the parallel beam system over the diverging

beam' is that the source appears to be at infinity and the

cblleéting mirror has the same dimensions as the test

[

space. Having the source‘at.infinity.ihproves the

‘sensitivity-of the schlieren, but requires more optical

£
[A,
e
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components. In the diverging beam case the collecting
mirror must be larger than the test space ;hich requires
more expensive optical components. .
The laser aiode light was collected by two. short
focus lenses which form a variable fOCé} length system -
[Fig. 4]. Ehese lenses collect the laser liéhq and focus
it at tge focal point of a concave spherical mirror. The
light is rgflqc{ed from the mirror as a parallel beam.
Since the parallel”beam ‘ghould not be blocked by the
source lenses the light st be off axis to the mirror.
Because the mirror wés spherical- the off axis requirement
caused a§tigmatism and éoma in the camera optics. The
effect of coma was eliminated, at least for‘first order
effects, by usingbtwo 1dentical mirroré at the ends of the
'parallel beam and by reflecting the‘beam once tolthe right
"and once to the left [Fig.1]. \Ast1gmatlsm was found to be
a severé problem when a one ce}tzmeter focal length lens
was used for c?llecting the laser diode light. This
astigmgtism was created by the laser diode and thg~mirrors
only aggra&ated,the situation. Consequently a five ' \
centimeter coliecting iéns was used in front of the lasezg

diode in the final design. . : A L , \
: A \
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2.3 Camera Section

The camera section consisted of the collecting
schlleren mirror, a marking aperture, a magnifying lens
and a camera. For setups with severe astigﬁatism the ¢t
'normal’ -schlieren knife blade mawfing aperture must be
used with its edge parallel go éﬁe of the astigmatic
planes.‘Otherwise the blade will block'di%ferent amounts
of light in the two planes and poor schlieren sensitivity
will result. The circular aperture allows more light to
reach the camera at the expense of sensitivity but the
astigmatism must be reduced to produce useful results.
Here the problem was sufficiently reduced by removing the
laser diode induced astigmatism and leaving the spherical
mirror contributions uncorrected. | )

The knife edge marking aperture-showed a refractive
index gradient perpendicular to the knife‘edge as a black

edge on one side of the photograph and as a white edge on
the other side. A refractive index“gquient parallel to
the knife edge does not show at_all'inaﬁﬁe&phdtogréphs.‘

+

‘However, the flame fronts studied here‘wé}é;bésically

°

sphericai and a-circular marking aperture showed all the

A

&

‘gfadients,.regardless of direction, as a black edge._Thus‘

the circular aperture aliowed more light to reach the



i
‘ ' e : .
camera and also removed the polarity of the refractive

index gradient from the photographs.

—

The camera section has been used with Polaroid film

and 35 mm negatives on a box camera for still. photos. The
’

Polaroid provides quick results for al&gnment and
focussing while the 35 mm film givés sharper definition,
more tones of gray, and ease of reproduction and
enlargment in the darkroom. The SP 2000 gives continuous.
video capability so that changes may be seen immediately.’
g%ly the SP 2000 can imége the 904 nm 1igh£f%rom the laser
diode without added complications. The major drawback of
the SP 2000 1s the image quality which is worse than that
of a Polaroid photograph.

There are four major advantages to the SP 2000

approach: fast results, tape storage, sequential photos

and adjustable playback. Fast results means that the data

1y

—

_can be(checked immediately, typically %n seconds. T;pe
étorage allows the accumula;ion of vaét records that onlg
._éoon become voluminous and confused if stored on
photographs. The S? 2000 informatioﬁvmay be played back.
and photogrpphed at a iater date if required. Sequential
"phétos of the same évent are ﬁSelein‘fgmoviﬁg t%e o

scatter in results. Previously, single,photogfaphsutéken_



at different times and of different events were put in

sequence. Because of random effects no two shots- were the
. .

same. The SP 2000 1< described in ChaptersThree.

o«

>

°
2.4 Test Section

A cylindrical steel test cell ten centimeters long
and eight centimeters in diameter with glass windows at

each end was placed in the test section. It was then
filled with a~methane-air mixture and ignited. The motion

of the flame front was plotted using the schlieren images,
_ ' _ .
and various mixtures and spark sources were compared. The

test ‘section in a parallel beam schlieren is nermally
located between one and two times the focal distance from"’

the collecting mirror. A distance greater than one focal

-

distance is required to form a real image of the test

space in the camera. For tﬁésevexperiments the Eest space
was located three focal lengths from the cameré to
ihcreasélfhe separation of the,camefa ahd power supplies
dUe.to problems with noise géﬁgrated by electrical
interferénce. Information Qasvloét when the -

electromagnetic shielding of the spark source 6r the

camera head was insuffient,.



‘display is-'shown in Plate 1.

v

L]

3. High Speed Camera

o

s

a4

g L o

%The camera used to record the schlierén images was—w_
" N

K;%@k Spin ysics SP 2000 Series Il Motion Analysis.

2""[. . »
Sy*¢§uﬁ SP 2000). This system copsists of a ’

&

photocapaczggve 5rray with its associated electronics in

¢ ¢

smatll hcusxqﬁ connected by a cable to the ma%n control

N ¢
unit. The main.unit“contajns a High‘speed digital to
analog converter and an analog tape recorder capable of

C e

e .

.récérding two thousand framés‘ongideo data per second.

L, o - _ - .
Each frame.of data 1s made up of one hundr%F nnety-two
. . - . . _. . A 4;"

lines each with a resolution of two hundred and

A 2
toe 4 o

thlrty elght pixels per line. This unit puts out a

.standard NTSC video signal so that the output can’be

-

viewed on a standard monitor. Betamax, VHS, or other video

\

ape recorders ¢can be used to store, edit or display the

'3
1nformatlon recorded, by the camera. A typ1cal OOO

‘ -~
\ . . Fan
. o °
1

-

Theé keyboard on the main unit allows the user to
. , . :

record, blay back and alter the recording speed and

fformat. Playback can occur at one, two, three, four or

sixty frames per second. Each recording tape is three

hundred meters long and lasts from: fifty seconds to thirty

minutesvdépeﬁding on the'recording speed.

¢

s S 17

a
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Thé,photocapacitive array of the camera 1s scanned
once per frame so the exposure time is equal t%\fﬁg\
inverse of the recording speed. No independent shuttering
1s provided. By 1increasing the framing raté the exposure
Liae 1s reduced, which freezes the images of faster moving
events. The lowest possible framing rate 1is éesirable to
reauce the amount of tape used and to increase the depth
of field. Since a slower scan rate makes the pictures
appeat brighter due to the longer exposure time a smaller
aperture may be used. As the siie of the aperture'is
reduced, the depth of field is increased.

A£ a given framing rate it is also possible to
increase the camera speed by splitting the screehrinto
two, three or six strips horizontally. This means that the .
area viewed becomes smaller, but for some events that
occur horizgntally to the|] camera this redu&tion is not

important. At two th nd frames per second the tape

é;\has reached its makimum speed. However, by
splitting the screen, the speed of the camera can be
increased to four, six or twelve thousand pictures'per
seéond without requiring a faster tapé recorder. The
exposure time with a split screen is the inverse of‘the'

. pfoduct!of”thelframe rate and the frame format.

¥
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As shown in,Plate.l, the SP 2000 has aﬁ information
border surrounding the camera image when the data 1is
displayed on a monitor. Data displayed on the SP 2000
monitor can be measured with an 'on screen' reticle. "The
data border displays the x gnd y coordinates when the
‘reticle 1s activated. Integers from one to one hundred
ninety-two represent the‘y coordinates and from one to two
hundred and thirty-eight for the x coordinates. If\an
object on the monitor has a known dimension the‘reficle
w” .

- can measure it to calibrate the scale of the data. Fron
then on quick calculations»yield the size and velocity of
subsequent events. Time, date, frame number, framing rate,
elapsed time, tape counter, motion of the tape and: the
source of the image are displayed in the.information
b6rder. |

Strong edectromagnetic noiée generated by the
experiment requiredlthat the camera head be shielded by a
conducting cloth woven of,cottén with twenty percent

‘nickel. Thé nickel cloth was required to cover the entire
éaméra and was éonne¢ted to the cable shfeld covering the

:long camera cable which connects the,héadito the main

‘control unit. y
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3.1 Light Source

Because the exposure time 1s inversely proportional
to ;he framing rate and the camera 15 roughly(equivalent
to one hundred ASA film, the amount of light ;equired for
high speed photography becomes exfessive. For example, at
five “hundred frames per second thFee six hundred watt
tunggten halogen light bulbs are required to illuminate an
area of one sguare foot. For this reason backlighted
photography‘is desirqble for framing speeds over five
hundred per second. |

A weak sho&k wave 1n air travels at roughly three
hundred meters per second. For a camera to stop the 1image
‘of a shock wave to within one;tenth of a millimetef

s
reguires an exposure time of about three hundred

'
-

nanoseconds. Fof ten consecutive frames showiné the travel
1 : o
of a‘shock wave across a thirty centimeter field of view a
framing.épeed oﬁ twelve thqusﬁad per second is required.
Present Strobe light s§stems are able to'pgodUCe the
necessary pulse duration,.but none are bright enough when
operating qﬁ twelve thousand hertz. For this reason a
pulsed laser diode was choéen as the_light‘source.
'%ont;olicircuitry was desigﬁed’to fire the laser

diode once per camera frame so that no adjustments to the
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illumination were required even though the fram{ng rate
changed gy two orders of magnituae, from sixty to twelve
thousand hertZQ‘This allowed the eqguipment to bq’set up, ©
focussed and aligned at a low framing rate to reduce the
thermal stress on the laser diode. Once the equipment was
ready to record data, only the camera framing rate. needed
to be changed. All other variables remained constant
without affecting the quality of thé;photographs éroduced.
When this camera system wés used with a continuous
light source the photographs showed a great deal of
blurring even at the highest framing rates. Continuous
light sources‘required adjustment in brightness whenever -
the framing rate was changed. Controlling the brightnéss.

cf a Helium-Neon laser was accomplished using an

adjustable iris.

3.2 Laser Diode'fheory

The type of laser diode best suitgd.for use as a‘
uliéht sourcé’ih baéklighted flash‘phptogféphy was the
‘gailium—arseniaé single‘heferojunction laser diqde.-The
discussions in'Section,3.1 show that the phgtégraphic’#s

light sourcebshouldfbe able to pfoduce pulses'less than '®f

three hundred nanoseconds long, at a rate of twelve

3
Y
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thousand hertz. Gailium—arsenide single heterojunction
laser diodes‘érovide high power at®a low duty cycle.
Double hetérggunction laser diodes presegtly do not.
provide enough power when operated at submicrosecond pulse
widths,

The RCA SG 3001 laser diode used here typically had
an emittfnglregion of 228 X 2 um. The acﬁive region in a
GaAs laser 1s in the p-doped side og the p-n junctio;.
Since.the‘lasing region must be contained on all‘sides'a
p-GaAlAs layer is‘grown on top of th: p-GaAs. This forms
the single heterojunction® The GaAlAs layer)has a higher
baﬁdgapbthan the p4GaAs to helé confine the carriers in
the active region. The refractive index of p-GaAs 1is
highér tﬁan that of the outer layers so the laser <8

* .

radiation 1is conf?ﬁed-to the active layer'by internal
reflectiohs at the top and bottom faces. The éides of the.
active region are sawn to produce noﬁrefleétive faces so
that cross modes are'ﬁot amplified. To form a partiélly
feflecting_Fabfy¥Péf6t ;avityc ;he ffon; and ?ack surfaces
are cleavea aloﬁg7paréllel.planes énd é'mirfor.instélded"
on tﬁe féar‘face. ' j e .

Qhen the current den51ty acfoss the p-n Junct1on

exceeds the threshold of about elght thousand amperes per
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square centiheter-a population inversion 1is created which
leads to stimulated emissions. The Fabry-Pérot
construction of the cav}ty amplifies the stimulated
emissions and the lasen‘light 1s emitted from the'front
facet. Since the laser 1s based en band transitions, the
spectral width of the output 1s wider than shat of lasers
which depend on discrete transitions such as the
Helium-Neon gas laser (ngian, 1981). Because the cavity
\ .

dimensions are so close t% the wavelength of the light
emitted, strong diffractign effects produce a very
divergent output beam. :

éxperiments began using an RCA SG 2006 laser diode
emitting at 904 nm with a pulse duration of sixty
nanoseconds and a maximum power of"seven watts. Since

<.

laser diodes prodnqe very divergent beams they naturally
'makera very good point source. The seven.watt laser diode
was foundkto be inadequate for‘the si%e of the system and
' was. replaced by a thirty watt stac#ed\laser diéde array
consisting of three ten watt laser diedes.in series.
‘Because of the smallbsize of the laser diodes,fthe rnree
stacked laser chlps st1ll appeared as a p01nt source to-

the system The thlrty ‘watt SG 3001 prov1ded ‘a pulse width

nof eighty nanoseconds also at 904 nm. The SP 2000 is



y ’ - 25

=

sensitive to radiation with wavelengths from five hundred
to one thousand manometers, so the laser diode light at I
904 nm is visible to the camera, although it is invisible
to’the human eye. The gxperiment waS aligned using an
infrared viewer until ghe lidﬁt was visible;on the
monitor. Then, using small adjustments to keep the light
visiblern the monitor, the system was fine-tuned-by trial
and error to achieve a uniform background illumination.

One major drawback to the laser diode was beam
guality. Because the emiéting facet 1s 228 by 2 um the
beam has an elliptical cross section. The divergehce In
the plane parallel to the junction is typically half the -
diyergence in the plane perpendicular to.the junction. The
RCA SG 3001 is a gain-guided laser diode, which means the

laser light is confined by the electric current profile in

the plane parallel to the junétion and by internal

reflections in the plahe perpendicular to the junction. In -

ﬁhe plane pérallel to the junction the beam appears to
radiate from é point twenty'go fiffy micro%gters'behind
the emitting faceﬁ,“while perpendicular to the junction
the light appear to originate from‘the facet itsglf. When
the iiéht is éollecﬁed and refocussed, the light in the

two planes will focus at differeht,locations.‘This

~

v

<
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astigmatism becomes worse when the light is collected by a
very short focal length lens and also when a low f-number
lens is uséd.‘Unfortunbtely, a short #ocus leﬁs with a low
f-number must be used to collect as much light as possible
because of the strongly divergent beam. Anamorphic prism
pairs may be used to equalize the divergence in the two
planes to yield a circular beam profile, and a weak
cylindrical lens can reduce tge astigmatism}(Melles~Griot,
1985). By reducing the astigmatismqagd~;he differences in

. - s

divergence the beam may be focussed to a smaller spot and

this will increase the schlieren sensitivity. The laser
diode is sold in a studfmount package with a flat glass
window about one-half millimeter thick. Because the windéw
reduces the output of the\}asef beém,and introduces
abefratioﬁs, the‘window was removed for some‘experiments.
Removing the.w;pdow did increase the laser briéhtness; but
the ruggedness of the.source was se?erel§ compromised. A
five centimeter diameter,aspherjc lens wifh a fgcaiAlength

of six centimeters was mounted about six centimeters from.
the laser diode. The pq{g05e of this lens was to collect “
:the laser light into a Héarly parallel beam.

A five centimeter diameter,-fifteeh centimeter focal

length lens collected the parallel light and brought it to K
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a focus. The two lenses form a variable focal length
system to allow a varlable beam divergence which depends
on the size of the parallel beam desired. A small beam
divergence will illuminate a smaller area, but the light
intensity will be increased. Alignment Qf the system i;
critical. The laser diode and the first collecting lens
must be aligned within tens of micrometers relative to
each otﬁer. Thg mirrors must pe aligned to within 1.7
mrad.
X

3.3 Laser Diode Power Supply

THe laser diode system was of 6riginal design and
underwent several modifications [Fig.S].LFhe final system

coﬁsisted of a laser heaa connected by a cé%le to thé

.~ ’ e
power éhpply and by a coexial cable to the SP 2000 strobe
output. The strobe output triggered the laser diode in
synehrony with the camera .frame through a pulse
traggformer in.theflasér'ﬁead: The laser diode head -
measﬁ;ed'five,centiméters high, eiéﬁﬁ centimeﬁers ldng_and‘
three centimeters Ehick, and was mountedvon a'three axis
stage on an gﬁtjcal:benéh fo:“aljénmené. The.power»supply

_éhafged’a large (15uF,'1000V)'oil—filled,capacitor to a

variable: DC voltage (0 to 600 V) as selected by the front

i
.
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panel controls. A simple transistor cifcuit allowed the DC
voltage to charge a small capacitor in the laser head only
after the silicon-controlled rectifier had .shut off from
the previous pulse. The fast recovery silicon-controlled
yectif?g; in the laser head discharged the capacitor
through the lasif diode and recovered within eight

microseconds. THis allowed charging to be complete within

o~

-

the.eighty microseconds available when the camera is
operating at twelve thousand hertz. By varying the small’
capacitor 1in the -laser head the pulse width could be
altered; and by changing the charging voltage the
brightness of the.diode could be controlled. For most

‘ . .
applications the small capacitor was fivé nanofarads and

the charging voltage was six hundred volts (Fabian, 1981).

&



4. Experimental Method
The purpose Qf’}hese expe;iments was to study the
effects of different spgrks on the ignition of a
methane-air mixture. The S§~2000 schlieren system viewed a
glass windowed test cell to yleld measurementls of flame
travel [Fig.g]. Bgcause the flame pushes the unburnt
mixture in front of it, the system measures the speed of
travel of the flame, not the true burning velocity of the
"flame relative to the unburned mixturé, The gest cell
‘enclosed a cylinder ten centimeters long and eight
centimeters in dilameter for a volume of five hundred cubic
centimeters. Methane was mixeé with air aAd aliowed%tpv
flow through khe test cell until ten geconds pad élapsed.
This allowed five volumes of a known mixture to pass
.through the test cell and was_enbugh to clear out the
‘gases left by the previous test. Two outlets with sintered
. —._ \\ . . V .
filters for flame arrestqfs\gllowed the pressure to escape
. - ‘

as the flame filled the test cell.

A

Is

Since meagurements were complete before the burning'

volume exceeded ten percent of the test cell volume, no

appreciable pressure rise occurred 'to alter the flame .

speed from its free-air value. Later experiments discussed .
in Chapter Five confirm this fact. A J-shaped spark. gap
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fashionedefrom one millimeter diameter steel wire reached

into the center of the test cell to reduce the effects of

#the cold walls on the flame. Results presented here were

tbtained using a spark gap of two millimeters.
Meaaurements were taken only in the horizontal direction
tc-the right of the spark source aa seen in Plate 4.
Simple timi}g circuits were constructed to provide
the same initial conditions for each ttial; The first
firguit oberated solenoids to allow the fuel-air ﬁixture
to %ﬁow for'teu seconds through Fisher-Portet rotameters
(ModelvNo. 10A3135N) to meaaure the mixture ratio. Since
the totameters were calibrated for air, the meter on the
methane source was used.to hold the flow constant, and the
. ‘ _ .
flow was measured separately by the displacement of water.
To-measure the rate of flow of the methane a graduated 5@ ,
flask filled with water was inverted ip a larger tank df fr
ﬁwater aod the methane outlet was placed inside the flask.
Measurements of the time requiredtfor the methane to
<d1splace the water allowed the calculatlon of the methane

flow rﬁge. The flow through the test cell was stopped ten

seconds. before the mlxture was ignited. e

When a' ‘smoke plUm‘e was introduced into the test ce‘ll

the movement of the smoke indicated very small gas‘




velocities after ten seconds. This showed that the
turbulence had subsided and the initial mixture could be
considered quiescent. |

Timing signals from the SP 2000 strobe interface
allowed the spark to fire only wﬁen it was éynchronised to
the camera frame. Photographs showing the shock wave from
the spark often show a timing repeatability within twenty
microseconds. To elgminate shot-to-shot 'variations in
; ame position three to five trigls were "averaged for each
s
spark and mixture combination. In lean mixtures the data
after ten milliseconds was repeatable to within twelve
percent, and in a stolchiometric mixture the data varied

~

py only four percent;

4.1 Spark Power Supplies
Four sparks with different characteristics were used
in these experiments [Table 1]. A spark with a duration of

fifty microseconds was generated by an overvolted

capacitive discharée power supply [Fig.6]}[Plate 2]. A two

microfarad capacitor was charged to one kilovolt to store

one joule of energy. Another circuit generated a high
voltage low.energy spark to breach the series gap and to

release the stored energy of the large capacitor through
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Energy
(Joules)

1

1

.0

.0

33

Capacitance
(Nanofarads)

¥  TABLE 1
SPARK DATA

Duration Voltage
(Seconds) (Kilovolts)
50 X 10 ¢ 1.0
800 X 10~ 27.0
700 X 10 21.0
500 X 10-> '20.0

2000
2.70
2.70

0.597
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Plate 3ATypiéa1 Current'Wavefbrm for the

Fast.Sparks
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the spark gap.

For the three other sparks the fifty microsecond
discharge was used as a trigger for the three electrode
gap 1in the high voltage fast disaharge supply [Fig.7]. In
the fast supply a twenty-seven hundred picofagad capacitor
was charged to twenty-seven kilovolts to store one joule, |
and to twenty-one killovolts to store six-tenths of a
.joule. A five hundred and seventy picofarad capacitor was
charged to twenty kilovolts to storé orne-tenth  of a joule.
The three electrode gap was made up of two steel
hemispheres separated‘by alr. One hemisphere was grounded
dﬁd the other was charged to the étorage voltage of the
capa€;£6rQ)The giow power supply fired a plasma jet into
the space between the two electrodes and-the plasma
allowed the current to flow from one’hemisphere to the
other. The capacitor, charggd‘to a iarge negativg voltaqé
and gfounded on the cher side by a»ﬁenﬁmegohm resistor,
is suddenlf grounded on the negative.side by the  three
eiegtfodé gap. Since the Qoitage across a capécitor"can
not chaﬁge'instanfaheOUSly, the pfeviously grounded side
jumps to a positive voltage equal tb the ﬁega#ive voltage

tO'which‘the,other-plateihaé been charged. This high

- ¢ voltage breaks down the air in the spark gap and the
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N
20—~ 30 kv DC
input N
\( ) )
output to
spark plug
IMQ § -~ 2700pF ’
40kV
plasma jet S ' ;lOMSl'
‘ ignitor ro Y:f:j7 : 3
spark output - \\1J._, ~ telectrode ' )
from 50.s,1 Joule -~ = . . gap ’
power supply Ve X
’ | S U |
AL

FB

Figu}é 7 Fast Discharge Power Supply
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current flows across the spark gap in the test cell. The

three sparks generated by this supply had durations of
from five hundred to eight hundred nanoseconds. ‘A current
waveform typical of the submicrosecond sparks is shown in

Plate 3. Spark duration was measured using a current

* transformer (Pearson Electronics No. 1025). The spark

duration was recorded as the time required for the current .

to drop to zero.

4.2 Data Collection

Thg steel test cell was flushed for 'ten éeconds by a
mixture of known portiong of‘ﬁekhane and air, and the
turbulence was alldwed ten seconds to subside. A spark
initiated combustion, and the position of.the reéulting
flame was recorded and digitized by the SP 2000 [Plate 4].
Three trials were aQeraged to remove some scatter from the
résults. Tﬁis data is summarized in'Figufes 8, 9 and 10.

Four energies and‘durations,wefe usea with three
different fuel-air ratios.'The;stoichiomet;ié mixture for
methane in'a&r 1s nine and oné—halﬁ pérceﬁtlby volume;

tests were done at six, eight and nine and one-half-

perceht. It is’apparént from the graphsvthat for these

‘three mixtures the one joule, eightjhundred,ﬁanOSecond
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Plate 4 'rypical sﬂ'ies ot rl'a.-('c‘ro'th Photo’jgr‘aphsh .
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. i ‘\1 ‘
spark ignites a\mych‘léngér¢flame kernel. Reducing the

|

. [
energy of the fast spark byﬁforty percent made only an

3

’
’

A

i,

;YF

eight percent difference in the flame travel, in the first
ten milliseconds, in the stojcoiometric mixture. This
fproves that the duration of the spark islﬂore significant
than the energy released when the energy is well aggve the
minimum.ignition energy. Studies of very éhort duration

sparks show that the minimum ighition energy is increased

Y

from i1ts normal value of 330 uJ for metﬁane at A = 1.0
\ 4

(Ziegler, et al, 1984). Table 2 shows the variation of

\\‘
fléié travel for the three submicrosecond sparks. in thréé
\\

: : i N
mixture ratios as compared to the fifty '‘microsecond, one
=~ \ B
\ 3

joule spark. _ \ Y

\ y

For all three mixtures the flame 1gn1té@&by the short
N\

duratlon spark of the same energy burned appro§1ma¥eiy

double the volume of fuel during the first f1ve . \

milliseconds [Table 3]. Five milliseconds was thekperiod

- chosen for numérioal examples, but the trends areuthe Samé
: ‘ : : ;S ‘
at ten milliseconds as well, An 1nternal combustlon englne
would requmre ten mllllseconds for the power stroke at }\
three thousand rpm and only five mzlllseconds at sx; | %
.thousandrrpm ‘This table also shows that the short

'durationvspark wh1ch_1s equal in effectlveness to the one - .
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TABLE 2

FLAME TRAVEL IN 5 MS COMPARED TO THE ONE JOULE, 50us SPARK

Mixture ) Spark Characteristics

Strength

13,

800 ns 0.6 J, 700 ns Q.l J,500 ris

A=1.0 ) 123 %

§&=1.2 127

%

A=1.5 124 %

114 % \39 %

122 % 92 %

118 % 83 %

TABLE 3

VOLUME BURNING IN 5 MS COMPARED TO THE ONE JOULE, 50us

SPARK
Mixture Spark Characteristics
Strength L : . » .
1 J, 800 ns 0.6 J, 700 ns 0.1 J,500 ns '
A=1.0 196 % 148 % 70
A=1.2 205 % 182 % , 78 %
A=1.5 . 191 %

joule, fifty microsecond

of about three~tenths of

hundred nanoseconds.

164 % 57 %

géﬁfk-should héye a stored energy

a 'joule, and a duration of six

By.varying the mixture ratio and using a fixed spark

. the effect of the mixture was 1nvestlgated From Table 4

1t can be seen that. the effect of the spark duratlon on

Lo

flame travel is only sllghtly dependent on: the m1xture
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TABLE 4

VARIATION OF FLAME TRAVEL WITH MIXTURE RATIO

[ -
D . E A=1.2 A=1.5
i uration nergy X=1.0 X=1.0
‘ . (Nanoseconds) (Joul€s) (%) (%)
503000 1.0 85 82
goo- 1.0 88 | 83
700 0.6 o 91 85
500 0.1 88 77
be&né ignited. The difference betwéeﬁ sparks igniting
A= 1.0 and \ = 1,? is within six percent and between
s KA L X
A= 1.0 and A’= 1.5 the difference is eight percent. Since
the data varied from shot to shot by up‘to:twelve percent
~ at }» = 1.5 it seems that the mixture does not play an
‘ (“\vqxfmportantjrolevin'the rate of discharge effect. Since the
Ve . data varied from shot to shot by up to twelye percent at
o f/. A= 1.5 1t seems that the mixture does not play.an
‘ ihportant role in the rate of discharge effect.

»



5. Spark Thermal Efficiency and Interferbmetry

5.1 Thermal Efficiency

The apparent combustion enbancement by the short
1 .
duration spark is due to several processes working

together, The efficiency of the fast spark was found to be

twice that of the slower fifty microsecond discharge
i *

[Table 5]. To determine the efficiency, the spark gap _was
discharged In a closed cell with a volum? of seventeen
cubic ceﬁtimeters. A plezoelectric probe (Celesco "
Transducer Products,.LD—25) was used to measure the
transient pressure rise in the cell. Piezo probe

. .
calibration with known pressure transients showed good
agreement with'the manufacturer's data of thirty-five
picocoulémbs per poUnq”per“square inéh; The electrical

—~ ~ -

- , .
out from the probe was shunted by a capacitor much

larger than the capacitance of the probe and was fed
. ‘ ' :

gh a one kilohertz low pass filter before the results:

were displayed and stored on an oscilloscope [Plate 5].

‘Thermal energy added to the gas (E) in the cell‘produces a

temperature rise AT: ‘\\\\

46



TABLE 5

\\ ' SPARK EFFICIENCIES
Energy Duration Efficiency
(Joules) (Nanoseconds) (%)

1.0 . 50,000 4’

1.0 800 8

0.6 ~ 700 7/
0.1 | 500 12

Plate 5 Typical Efficiency Test -Output

47
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-—

where p 1s the gas densiAy, C, 1s the constant volume
specific heat, V is the test cell volume, T, is the
initial temperature and P, is the initial pressure (Smy,

et al, 1983). From the general gas law:

P, Vv, P, V;

1t is known that a temperature rise in a constant volume
will produce a proportional ;ise in pressure. The
piezoelectric probe will meaéure the pressure r:se and
from this the corresponding temperature rise can be
calculated.

Té remove the effect of thermal efficiency from.the
 tests, the storége voitage of the fast épark was lowered
to reduce the stored energy uétil the pressure
measurements showed the same thermal energy being dumped
into the ceil. Thgs occurred at a storage voltage of
twentyione kilovolts fé; an energy o: six—tenths of a
.joule'which diécharged jﬁ'Seven hundred nanoseconds.

wﬁen‘tﬁe 0.6 J, 700 ns spark @as'compared to the 1.0
 J; 800 ns spark, the difference in flame travel was found
t6 be between fouf and eighﬁ percegt. The regﬁction'df

‘fenergy.input by forty percent did notkseriously reducE'thé
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flame travel enhaﬁcement of the fast discharge.

The low efficiency of these spark sources for the
transfer of stored electrical energy to thermal energy in
the gas lies in the impedance mismatch between the source
and load. The\arc voltage 1in the épark‘gap is fixed by the
arc length and the arc current apd is usually less than
two hund;ed volts. Soﬁrce voltages varied from one to
twenty-seven kilovolts. Most of the voltage in the
discharge ;s sustained in the power supply, typically
Sixty to ninety percent, and most of this energy is lost
§S‘heat in the circuit outside the arc.

Using the results of Smy et al (1983) where the .

,
capacitor, (C) was charged to an initial voltage (V,) .and
the arc voltage (V) was taken to be 120 V, the calculated

efficiencies of the sparks used here do not agree with the

theory. With a stored energy equal to

‘ 1o, N
" | Bg = 7 C Ve | | |

P . . -

the efficiency was given by:



_ C vy (120) _ 240
/2 C Vi~ Vg -

'when”the voltage. data are substituted into the
efficiency calculations of Smy, et al the results do not
agree with the measured efficiencies. This suggests that
there are other factqrs governing the efficiencies of
spark plugs, one of which is the rate of discharge. As the
t ime requiréd to discharge the energy 1s reduced, more of
the énergy 1s fed to the plug when the pres§u§e~in the _
spark gap is still very high ( 200 bar) and the arc
Qoltage is still elevated. Maly and Vogel (1979) Suggest
that the arc voltage in the first ten nanoseconds could be
as hiéh as fifteen kilovolts. The gﬁergy-losses in the
twenéy kilovolt supply would be reduged/by séventy-five
percent ddring‘the stage where both arc yoltage.and supply
voltage are so cloée iq value. The fifteen kilovolt_aré
would take.sevent;—five percent of thelavailablé'energx
while the 120 V arc would feceiqe only 0.6 percent.

Thus, the efficiency calculation is prébably‘nét '
~valid for submicrosecond sparks, -since é'largerparp of the
. gnergy ﬁs‘transferred with high efficiencydurihg the ﬁigh
arc voltage eariy étéges_of ﬁhe arc. ﬂohgef duration.

sparks transferlonly a small.fraction of their energy in
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the first ten nanoseconds, so thé extra efficiency 1is
éwamped by the rest of the discharge at low efficiency.

For example, 1f the elevated arc voltage provides a
ninety percent efficiehcy for fifty nanoseconds and the
120 V arc voltage providgg 1.2 % efficiency for the rest
of the twenty kilovolt spark, the one joule, five hundred
nanosecond spark should show an efficiency of ten perceﬁt.
This agrees with the experimental value, and suppo;ts the
theory that théffirst tens of nanoseconds allow much more
‘efficient transfer of energy to the gas. A logical
exten ién tobthis work would be to build and experiment
with :}power supply with a bulse duration of less than one
hundred nanoseconds to invesﬁigate the effiéiency of even-
shorter duration sparks.

The large éne:g}es usedyfor these experiments result
.in significant erosion ofzthe electrodes. Erosion is
related'to the amougt'of Chargé which flows through thev
] spérk gap (S@y et al, 1983). fhe fifgy'microsecond spark
used 2 X 10;5,C while the eight hundred nanosecond épark
used 7.3 X 10°* C. Thé'largel(‘30§/5'difference in charge
4flow should‘résult“in~é Significgnt feduction in érosion
i_‘for»fﬁe-eight huﬁdredApanoSecbnd épark.bTherefore,'thé‘

shorter duration spafk‘has‘three‘major édvantages: better



flame speeds,. more efficlency and less erosion of the

~electrodes.

£

5.2 Interferometry

The test cell for combustion was originally built as
a constant volume bomb. Since the measurements for this
experiment were complete by the time ten milliseconds had
velapsed, it was assumed that any pressure rise in the test
- cell would not significantly affect the flame speed.
Interfercmetry was used to measure the pressure rise in
the test eell. A Mach-Zehnder interferpméter was aimed
throtgh the test cell at a eoint approgimately'fiQe
centimeters from the spark plug (AC Delco 44XLS)[Fig,11].
The Mach—Zehnder'set Up splits a laser beam into two
paths; one through‘thé'test cell.ahd the other around the
outside of the cell. The two heams_are then‘recombihea and
‘produce a fringe shift proportional te the difference in
the, optacal path length of the two beams. The.fringe_
pattern falls on a photomultlpller tube and the output is.
dlsplayed on an osc1lloscope.(Bradley,1962 [Flg.12J.

A change in gas den51ty 1n the test cell will alter

_the refractlve 1ndex and thls w1ll change the opt1ca1 path '

-length; Spee;flcally, an Jncreased_pressurelln the test
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[
-

cell will lengthen the optibél path of the laser beam
which-traverses it. A change in density (8p) of the gas
changes the refractive index (An) and therefore the

optical path (L) by:

K is the Gladstone-Dale constant E%i, (0.226 for Air), S

1s the number of‘fringe shifts and A is the wavelehgth of
the light used (Bradley, 1962). Another use for the
interferometer was to measure the pressure rise 1n the
later stages of combustioﬁ. As more fuel is burned the
pressure increases and the nﬁmber of fringe shifts allow
vthe calculatieon of the pressure rise: However, when the
flame front reachgs the laser beam, schliereﬁ bending
ocgurS»and’thé fringe shifts abruptly cease. The~fUmber of
fringes prior to ﬁhe Schlieren bending‘indicat; the amount
of fuel which has been burned by the flame when it has

/.

’reachéd a known volume [Plate 6]. : N
° It was thdught that the fast discharge might move : he
flame front faster because less complete cqmﬁustion was.
occurriég, indicating a more cofrugatédvand porous flame.

?bwever,.interferometry showed that the fast‘discharge

.
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produced a higher pressure rise and also moved the flame
front faster across the cell. This suggests that the fast
discharge increases the rate of combustion behind the
flame front in addition to spreading the flame faster.
Both of these effecgs would act to complete combustion
much sooner when the fuel is ignited by the fast discharge
spark. When the combustible mixture was ignited, the
fringe shift displayed by the interferométer,showed noe
appreciable pressuré rise for the first ten milliseconds,
so the data could be freated as a flame in free aiv [©la-

7).



6. Summary

A schlieren system usihg a high speed video camera is

-

1

gescribed which allows the recording of flame kernel

-

development at speeds of up to twelve thousand frames per

]

second. The images were stored on one-half inch recording

tape and each frame was illuminated for only one hundred

nanoseconds tolprovide sharp imaées, including those of

-the shock waves produced by the electrjc discharge-.
Photographs of the flame kernels in three mixtures of

éir and methqpe show a definite improvement when ignition

1s achieved by short duration sparks. Flame kernels

resulting from ignition by short duration sparks were more

turbulent and expanded faster than flame kernels ignited

i PN

by longer duration sparks of the saﬁe'energ§Y\Wheh the

. spark sources were compared in air .the ‘short éuration
spark cfeated a finély:turbulent puff q&ich travelled nine
millimeterS'fﬁ the‘firét'millisécond [Plate 8], whereas
thé‘slower discharge produced a smooth, spherical puff
which travelled oﬁlyuéix millimeéers in ‘the géme=amount'of
time [Plate 9].] ' I o ,;ﬂ

' MomentQm due ﬁo'the pressu;e‘creatéd By the arc‘ana

the heat gradient is responsible for the movement of the

pﬁff.aﬁay from the électrodes;.These experimehtsﬁshOWéd!'
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. Plate 9 Slow 'Di}schqrvg'e" Flame Kernel; t=1 ms.
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that the fast discharge is able to-deposit more thermal

energy 1in the gas. The fast discharge created a more

2

turbulent puff which would help to increase the flame

“speed, since a wrinkled laminar flame burns faster than.a

smooth-.faminar flame due to the increased sutface area.
The turbulence would raise the minimum ignition energy,

~which would explain the behavior of the 0.1 joule, five
. -

hundred nancsecond spark in the A = 1.5 case [Table 4].
The 0.1 joule sbark was able to"ite the gas, but there
was a longer rgnftion deiay; Probably, while the

turbulence.was significant the flame was barelyrgblé to

5

sustain itself and as the turbulence died away the flame -

‘was able to become established [Fig.10]. ‘\

. ol . . ~ ‘
The effect of spark efficiency in the test cell was

©

investigated to support the conclusion that faster

discharge sparks are morel effAcient at changing the stored
: ' )

electrical energy to thermdl energy in the gas. For stored

_energies near one joule the enerby deposited in the gas is ,
th‘as important as the rate at which ‘the energy is added.
' A’Very short spark duration builds up a steepktemperatﬁréf

gradient thch,mpsets‘the simple theory of bnergy“balance

in the ‘flame kernel (Maly, Saggau, Wagner and éeigler,

'983). . . S .
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Maly, et al, suggest that,the energy gained by épe
flame kernel from chemical reactions must exceed the
energy lost through the Surface'of the flame. If, howpv;r,
a large surplus of epergy exists in the flame kernel, agy
1n the case of the fast discharge, the energy balance cuan
be bilased towards an energy losing situation. For a time
determined‘by the flame kernel temperature tHeAflame may
travel at an increased rate, gaining volume at-thé expense
of enefgy. As thé témperature 1s reduced by‘spreaéinq the
energy over a larger volume the flame must slow down and
proceed at‘;helnormal flame.speed for‘the‘mixture 1t 1s
burning. Thgrefore the flame }s given a head start for tﬁe
first few milliseconds. It finally reaches the same flame
speed as 2 fiame ignited by any other meéns. This can be
seen 1n Figures 8, 9 and 10.

Laser interfgrometry showed-that the pressure 1n the
test cell did not rise appreciably in the first ten
milliseconds. Since all of the measurements were:complege
by this time no corrections fér changing flame speed were
rgquired and this expe;iment could be treated as if 1t _had

occurred in open,air.

The schliéren camera described here should prove

useful in future flame studies, and the data on fast - .
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discharge spark ignition will, ﬁopefully, lead to a better

understanding of spark ignition,
. ¢ '
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