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ABSTRACT

A dicsel flame shows the complex process with the
chemical reaction. Nevertheless, there are few papers dealing
with the mcasurcment of chemical species, such as OH
radical. The paper presented here makes clear the spatial and
temporal distribution of this OH radical in a dicsel flame in a
piston cavity of a bottom vicw dicscl cngine by use of
intcrference filters not by that of an expensive excimer lascr.,
Also, the samc distributions of flame temperature and KL
factor arc shown in the paper, by applying the two-color
method. From these experimental results, the authors find the
strong relation among emission intensity of OH radical, flame
temperature and KL factor.

INTRODUCTION

It is very difficult to detect chemical specices in a diescl
flame, because the strong emission intensity of a luminous
soot in it is very strong. However, the specics must be
mecasurcd with some mcthod, in order to clarify the complex
dicsel combustion processes. The authors showed already the
detecting system of OH and CH radicals in a diesel flame
which was devcloping in a bouttom view small sized
high-spced DI dicsel engine by usc of photonic multi-channcl
analyzer in the previous paperst) @, However, the emission
intensitics of these species were very weak and were
mcasurcd at a given time as cumulative data over many
tycles. Generally speaking, combustion processes in a diesel
engine arc the non-stcady phenomena and [uctuate not only
in every cycle but also at the same spatial point. Then, the
lemporal and spatial data must be detected to understand the
diescl combustion phenomena.

In the experiments presented here, the temporal data of
OH radical at a given measuring point was measured in the
Optical cnginc mentioned above by mcans of the optical
fibcr-imcrfcrcncc filter system in order to get the temporal
data, under this standpoint. The radical appcars in the region
of the combustion reaction where the oxygen exists® and has
the close relation to the thermal NO in the cnlarged Zeldvich
Mechanisn®, The data were treated, considering the
Probability density, because the phenomena were statistical.
Also the flame temperature and KL factor in the same diesel

flame were measured through the same optical path, applying
the two-color mcthod® Then, these three data were compared
with cach other, and the relation among them were discussed
in order to clarify the diesel combustion phcnomena.

LUMINESCENT PROCESS OF OH RADICAL

In a (lamc of hydrocarbons @), Ca radical is generated at the
initial stage of the thermal pyrolysis of hydrocarbon itself.
Then, CH radical is formed by the {ollowing reaction:

C2+ OH = CH* + CO (1)

where * expresses the excited state. Succeeding this process,
OH radical is produced by the reaction as follows:

CH + O2=CO + OH* (2)

In both rcactions, there is cnough exothermic reaction Lo
cxcite chemical species. Then, the luminescence of band
spectrum appears, when the transition of chemical specics
from the excited state to the lower energy level is proceeding.
The intensity of this Iuminescence is depending on the
product of the concentration of the excited chemical specics
and the probability of its transition to the ground stale, and is
not directly proportional to the concentration itsclf.

OH radical appcars mainly in the combustion region
where the oxygen exists, because its concentration
corresponds to those of CH radical and oxygen owing 1o eq.
(2)®. However, the luminescence of OH radical occurs in
some degree independent on the combustion reaction, as the
excited OH radical is produccd at the equilibrium state of the
reversible reaction in the reaction zone with a high
temperature of the flame® . CH radical takes part in the
formation of prompt NO and OH radical is related to that of
thermal NO in the enlarged Zcldvich mechanism,

ELIMINATION OF BACKGROUND LIGHT DUE TO
LUMINOUS SOOT

The continuous radiant spectrum due to the luminous soot
must overlap the emission wavelength of the objective OH
radical which lies at the region of near ultraviolet radiation.
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Then, it is surcly nccessary for detection of the luminescence
of OH radical to eliminatc this spectrum. In the experiments,
three interference filters were used for the detection and the
climination as shown in Fig.1. The [ilters F1, F2 and F3 had
the center transmitted wavelength of 293.5nm, 307.7nm and
318.7nm, and their half band width were 3.5mn, 5.9nm and
3.9nm, respectively. Emission intensity of luminous soot at
the sides of short and long wavelengths were obtained by Fl
and F2. Then, the intensity of the background light of the
luminous soot was dctected by the lincar approximation
between outputs of F1 and F2. F3 shows the emission
intensity of OH radical with that of the luminous soot. So, the
cmission intensity of OH radical itscll was dctected by the
subtraction of the former intensity with the approximate
intensity from the latter onc. Then, the temporal information
on the emission intensily was got at a given measuring point.

USED ENGINE WITH OPTICAL SYSTEM

Fig.2 shows thc uscd engine of a watcr-cooled 4 stroke DI
dicscl engine with a single cylinder. The diameter of cylinder
and the stroke were 92mm and 96mm, respectively. The
clfective compression ratio was 19.3. A piston@cquippcd
with a quarts window @ was connccted with an clongated
pis(on@. The diameler of cavity was 50mm and its depth
was 15mm. The volume of this cavity was as same as that of
the basc engine. The top clcarance at the squish arca was
0.18mm. The enginc was motored in advance by a
dynamometer at a revolutional speed of about 600 r.p.m..
During this duration the fucl oil was injected out of the
cngine through a sub-nozzlc@. Once the engine satisficd the
given condition, the [ucl oil was injected into the combustion
chamber through a main nozzlc@ opcrated by a solenoid
valvc@. The number of nozzle hole was 4, its diameters of
nozzle hole was 0.26mm and the opcning pressure of nozzle
was 21.0MPa. The revolutional speed at the [iring was about
1000r.p.m.. The load was none due to the restriction of the
optical system. The injection quantity was 22.0mg/l cycle,
the excess air ratio was 2.2 and the swirl ratio was 2.0. The
used fucl oil was JIS second class gas oil. The coolant
temperature was 353K constant.

The light from the flame was passing through the quarts
window and was reflected by a mirror@. The reflected light
was converged through a condenser lcn@vhosc focal length
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Fig.1 Band spectrum of OH radical and
transmissivity of used interference filters

was 200mm at the end surface of an optical (ibcr@branching
off the light in 4 cqualizing encrgy. Every 3 branched lights
rcached the interference (ibcrs@ of Fl, F2 and F3,
respectively. Thercalter, their intensities were transformed
into voltage through pholomu!tiplicr@ . The light of a
He-Ne laser incidented through a onc branch of the optical
fiber in order to adjust the optical axis. Each signal of 40
cycles at cach measuring region was rccorded on the
wavememory{] Qat every sampling clock of 0.5 deg.CA, that
is, 83 u s, climinating the first two cycles. However, the
history of transmissivity was diffcrent at cach measuring
rcgion because of the adhesion soot on the window. Then, the
data were not sampled, when the transmissivity showed under
70%. I n the preliminary cxperiments, the sampling clock was
scl 2 i s in order to cxaming the accuracy.

Fig.3 displays the mcasuring points in the combustion
chamber. The focus of condenser lens was sct on the bottom
of the piston at the top dead center. The region , that is, the
measuring spacc was the combination of the same two
truncated cones whose diameter of the top was 3mm at the
focal surface and the vertical angle was as same as the solid
angle of the condenser lens. Namely, the emission of radical
measurcd as the mean value of the optical length in this
mecasuring spacc. 49 points located in every 4mm at the half
part of the combustion chamber. '

The flame temperature and the KL facior were measured
by two-color method . Two interference filters of 502nm and
652nm in the center transmitied wavelength were equipped
instead of those for the OH radical measurcment shown in

" Fig.2. Their half band width were 9nm and 12nm,

respectively. The flame temperature and the KL factor were
calculated by usc of the enscmble mean values of cvery
outputs for the continuous 15 cycles at cach mcasuring points,
eliminating {irst two cycles aflter firing.

Fig.4 shows the cylinder pressure, its standard deviation,
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e heat release rate, the nozzle needle lift and the injection
pressurc, averaged from 3rd to 13th cycle after the firing. The
ignition declay is about 8.0 deg. CA and the maximum
cylindcr pressure is 7.3MPa. The rapid rise in the heat relcase
rate appears after the ignition and it recaches the maximum ol
105J/deg.CA at 2.0deg.CA BTDC. The heat release finishes
at about 17.0deg.CA ATDC.

CYCLE VARIATION IN EMISSION INTENSITY OF OH
RADICAL

Fig.5 is onc of cxamples of historics of the cylinder
pressurc and the outputs of threc interference filters for
arbitrary continuous five cycles. The wavelength of
£(307.7nm) is corresponding to the cmission of OH radical.
There is large cycle variation in each quantity. Fig.6 shows
three typical histograms of the emission intensity of OH
radical at a given crank anglc against time scrics data for
continuous sampled 40 cycles. The histogram is like a
Gaussian distribution in casc (a), it shows a wider distribution
in case (b) and there is many pceks in casc (c). Then, the
maximum in the [irst casc, the median in the sccond case and
the peak when there appears more frequency around it than
around the other peak werce taken as the representative value.
However. (b) and (c) arc rarc cascs.

The data must be treated statistically in discussion because
of the trend such as Fig.6. The first usual trcatment is the
standard dcviation. However, the data of the emission
intensity include not only its fluctuation but also the
probability of its existence, although the scale of measuring
space is relatively smaller than the ununiformity of
combustion ficld in the cxperiments. Namely, the standard
deviation becomes larger inevitably at the timing when and at
the spacec where the relatively higher intensity appears.
Therefore, the sccond treatment is the relative standard
deviation defined as the quoticnt of the standard deviation to
the mean value of the intensities. It reveals the grade of the
fluctuation against the mean value.

The probability of the existence of flame in the measuring
space must be considered as well as the emission intensity of
OH radical, because the number of flame is 4 and the flame is
moving with the swirl motion. Then, pcak values at a given
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crank anglc of the flame tempcrature and the KL factor
derived from histograms like Fig.6 for continuous sampled 15
cycle arc decided as the representative onc. And only the
standard deviation is calculated as the statistical treatment,
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(he mean valuc of the intensitics. It reveals the grade of the
{luctuation against the mean valuc.

The probability of the cxistence of flame in the mcasuring
spacc musl be considered as well as the emission intensity of
OH radical, because the number of flame is 4 and the [lame is
moving with the swirl motion. Then, peak values at a given
crank angle of the flame temperature and the KL factor
derived from histograms like Fig.6 for continues sampled 15
cycle arc decided as the representative one. And only the
standard deviation is calculated as the statistical treatment.

DISTRIBUTION OF EMISSION INTENSITY OF OH
RADICAL

Fig.7 shows the spatial and temporal distributions of
cmission intensity of OH radical, its standard deviation and its
relative standard deviation with 8 gradation. Scarcely appcars
OH radical until 5.0 deg.CA BTDC, although the ignition
preaks out at 8.0 deg.CA BTDC on the curve of the heat
relcase rate, because the burning like a pre-mixed flame
controls the combustion process, the spatial ununiformity of
burning is remarkablc, then, the local rate of burning reaction
is low during this duration. At 3.0 dcg.CA BTDC, the
cmission of OH radical is obscrved at the region of the
downstream side of the swirl keeping a little off the direction
of injection and the diffusion burning is starting from this
region. After 1.0 deg.CA BTDC, the region of the strong
cmission intensity is moving in the downstream direction of
the swirl motion from the region mentioncd above. The
reasons of this tendency are : (1) the quantity of air existing in
the spray increascs by the cffects of the impingement on the
wall of piston cavity, (2) the air is stagnant morc in the
downstrcam region than in the upstrcam region and (3) the
quantity ol combustible mixture is formcd more and the
burning reaction is more active in the downstream region. Al
3.0 deg.CA ATDC, the strong intensity appcars ncar the
nozzlc outlet. This is the reason why the initial part of spray
where the cquivalence ratio is very high is collapsed by the
stop of the momentum supply to the spray alter the injcction,
then, the lump of large droplcts is falling down with drift ncar
the nozzle outlet and then the diffusion burning is
progressing. Thercfore, the cmission intensity is weakening
gradually until the end of combustion.

Generally speaking, the standard deviation is large in the
region of the high emission interisity of OH radical. In the
distribution of the relative standard deviation, it is large
during the period from 5.0 to 1.0 deg.CA BTDC as the
evidence of the large (luctuation of the burning. After 1.0
deg.CA BTDC, it becomes smaller.

DISTRIBUTIONS OF FLAME TEMPERATURE AND KL
FACTOR

Fig.8 is the spadal and temporal distributions of the flame
lemperature, the KL factor and their standard deviations. At
1.0 deg.CA BTDC, there arc no flame temperature and KL
factor because the luminous flame does not appear. From 5.0
10 3.0 deg.CA BTDC, the standard deviations of both flam¢
emperature and KL factor are very high during this duration
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because the burning like a pre-mixed (lame in which the
quantity of soot is very smaller than that in the diffusion
burning is prcdominant. Then, both quantitics can not be
detection. During the period from 1.0 deg.CA BTDC (o 5.0
deg.CA ATDC, the high {lame tcmperature appears in the
downstream side of the swirl motion ncar the wall of piston
cavity. The region is corresponding to that of the high
cmission intensity of OH radical. After 7.0 deg.CA ATDC,
the region of high temperature lics only ncar the nozzle exit
duc to the burning of the lump of large droplets. At 1.0
deg.CA BTDC, the region of the high standard deviation of
the flame temperature appears at the leading edge of
impinging part of the spray, as the burning starts at this
region. Thereaflter, the small standard deviation is shown ncar
the nozzle outlet. Again the medium standard deviation
appears in the medium region of the combustion chamber
owing o the ununiformity of the cvaporaied fucl.

The distribution of KL factor shows gencerally the reverse
tendency of those of {lame temperaturc and emission intensity
ol OH radical. The high KL factor appcars mainly near the
spray axis where the droplets density is high. The large
standard deviation of the KL factor distributes in wider region
than that of the flame temperaturc. The standard deviation is
large at the region of the upstream side of the swirl keeping a
little off the spray axis. After 7.0 deg.CA ATDC, the high
standard deviation cxists in the region ncar the nozzle exist as
samc as the flame temperature. Therefore, the medium
standard deviation is confirmed in the medium region of the
combustion chamber as well as that of the flame temperature.

AVERAGE VALUES OF FLAME TEMPERATURE, KL
FACTOR, EMISSION INTENSITY OF OH RADICAL AND
HEAT RELEASE RATE AGAINST CRANK ANGLE

Fig.9 displays the {lame temperature, the KL factor and the
cmission intensity of OH radical averaged for the measurcd
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data of the all measuring points with progress of crank angle.
The heat releasc rate is also shown in the (igure. The average
temperaturc which is rclated to the mean temperature
calculated by the gas law gets its maximum later than heat
rclcasc rate. The tendency has presented in many previous
cxperiments. The history of the {lame temperature has very
close relation to that of the emission intensity of OH radical.
[Uis notable that the timing of the strongest emission intensity

corresponds (o that of the highest flame temperature. Namely,
OH radical 1s obviously connccted with the burning rcaction

also the generation of the thermal NO. The tendency of the
KL factor shows the reverse history of the flame temperature
also as presented in many previous papers.

CORRELATION AMONG EMISSION INTENSITY OF OH
RADICAL, FLAME TEMPERATURE AND KL FACTOR

Fig.10 shows the correlation between the emission
intensity of OH radical and the flame temperature, Fig.11
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expresses that between the former quantity and the KL factor
and Fig.12 displays that between the KL factor and the flame
temperature, with 8 gradation from 1.0 deg.CA BTDC to 17.0
deg.CA ATDC when the diffusion burning is predominant.
The size of the black circle is proportional to their appearance
frequency. The higher the flame temperature is, the stronger
the emission intensity of OH radical is. The emission is
relatively weak, when the flame temperature is low. This
correlation is the marked matter, although the scatter is pretty
large. The tendency of the correlation between the emission
intensity of OH radical and the KL factor shown in Fig.11 is
completely contrary to that displayed in Fig.10. The KL factor
becomes smaller, as the flame temperature becomes higher,as
shown in Fig.12. The scattering is the smallest in these
corrclations. As a consequence, the region of the strong
emission intensity of OH radical is limited to that of the high
flame temperature, and the soot generates in the region of the
low flame temperature.

CONCLUSIONS

The following conclusions arc drawn from the experiments:
(1) The emission intensity of OH radical is very weak and its
relative standard deviation is very large during the period of
the burning like a pre-mixed flame.

(2) In the period of diffusion burning, the emission intensity
of OH radical is large in the region of the vigorous
combustion, and its relative standard deviation is small,

(3) The region of the strong emission intensity of OH radical
is limited to that of the high {lame temperature.

(4) Comparing with averaged values for the whole region of
measuring points, the timing of the strongest emission
intensity of OH radical corresponds to that of the highest
{lame temperature, and the history of the former has the close
corrclation with that of the latter.

(5) The higher the flame temperature is, the lower the KL
factor is.
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