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In this study, it wag attempted to obtain the fundamental data for the formation and oxidation
of sgot from a diesel engine. Combustion of spray injected into a cylinder is complex
phenomenon having physical and chemical processes, and these processes affect edch other,
There are many factors in the mechanism of the formation and oxidization of soot and it is
necessary to observe spray combustion microscopically. In order to observe with that view, free
fuel droplet array was used as an experimental object and the dropler array was injected into an
atmospheric combustion chamber with high temperature, Ambient temperature of the combus-
tion chamber, interdroplet spacing, and droplet diameter were selected as parameters, which
affect the formation and oxidation of soot. In this study, it was found that the parameters also
affect ignition delay of droplet. The ambient temperature especially affected the ignition delay
of droplet as well as the flame temperature after self-ignition. As the interdroplet spacing that
means the local equivalence ratio in a combustion chamber was narrow, formation of soot was
increased. As diameter of droplet was large, surface aren of the droplet was also broad, and
hence evaporation of the droplet was more active than that of a4 droplet with relative small
diameter. ’
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move the cause of the soot formation. In methods
1. Introduction of combustion improvement, the combustion pro-
cess of the spray in combustion chamber of diesel

In recent years, many experimental studies have engine is treated macroscopically and the quantity

been attempted to reduce soot from diesel engines.
There are two experimental approaches for the
reduction of the diesel soot. One is to improve the
spray combustion in a combustion chamber and
the other is to filter soot particles {Kamimoto et
al., 1980). Most of the studies, however, are
focusing on the combustion improvement to re
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of soot related to the variation of combustion
conditions is measured and analyzed (Lee ef al.,
1997: Lee et al., 1996). The influence of the
spatial non-uniformity of droplet distribution,
the local distribution of temperature, droplet size,
#nd so forth on the soot formation and oxidation
are not clarified. Therefore, the mechanism of
formation and oxidation of soot are not yet suffi-
cignt, The combustion of fuel spray injected into
the conibustion chamber is a complicated pheno-
menon in which physical and chemical processes
proceed simultaneously with affecting each other
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(Sangiovanni et ul., 1984) . Therefore, there are
many factors in the mechanism of formation and
oxidation -0f soot. In this point of view, it is
necessary to provide the fundamental information
for the reduction of sootfrom the diesel engine by
observing free fuel droplets and examining the
influence of the ambient temperature, droplet size,
tocal section Hame temperature, and so forth. I
this study, i was attempted to oblain the funda-
miental data for the formation of soot in Tree fuel
droplet array using twoscolor method. The flame
temperature and AL factors characterizing the
qualitative concentration of soot are measuied by
two-color method with varfable conditions of the
ambient temperature, droplet digmerer, and the
spacing between each droplet. The diameter of the
free tuel droplets njected into a high temperature
gas stream 1s about 140 g~ 160 m which dre
abtained by a droplet generator using o piezo-
slectoie transducer:

2. Theory

In the two-color method, the thetmal radia-
tions-at two different wavelengths are detected 5o
that the flame temperature 1% then determined
from their ratio by eliminating an unknown fac-
tor. - Intensity -of radiation Trom o black body
varies with wavelength and it depends on the
termperature of @ black body. This is described by
Planck’s equation

Ey Gl ‘-£5,/§‘m‘<p<‘$gn%ﬂ """"" 1t (I‘?

The Equation wan be described by Wien’s
equation in visible we&xwxlmgth.

EyilT

Alexpl —Cal A (2)

where By monochromatic emissive power of a
black body at T, [W/m®]

A Uwavelength (pm)

T temperature (K)

Cy b the Ist Planck’s constant
=3 T4 TR 07 (W)

Ly« the 2nd Planck’s constant
=438 ) 1077 (k)

In practice, emissivity: &, has been estimated for
soot particles by the widely used empirical cor-
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telation of Hotlel and Broughton (1932),
el -eipl—~KL/AY 3

where K an - absorption coelflicient=propor-
tional 1o the number density of soot
particles
L0 the geometric thickness of the flame
along the optical axis of the detection
system
The value of the parameter dépends on the
physical and optical propecties of the soot in the
flame. From Eq. (37,

hi7d

A

[l =exp{Cy/A/T=1/Ta))] @

The unknown product WL can be eliminated

by rewriting the above equation for two specific

wavelengths, A and A
An

.,

<1 Tl
=4 Tl )

The actual Hame temiperature T is independent

g (0 fi;\
exp{Cy/ A1

[1 ]
= 5 (5)
Rl - i

of ‘wavelength, while the apparent lemperature
Lo and, possibly, the parameter g vary with
wavelength, Tt can be seen that this equation can
be solved for the lame temperature T, provided
the apparént temperatiure To and  Te for the
flame are known at the two wavelength A and A
These two apparent flame tempefaturés can be
medsured at these two wavelengths using a cali-
brated Two-color optical pyrometer systeni. In
fact, this iy the purpose of the two-volor

to provide mstantaneous pieasurements. of the
apparent temperatures Faoand T for the flame
at two chosen ‘wavelengths A and A

3. Experimental Apparatus and
Methods

Figure 1 shows the diasgram of experimental
gpparatuses Tor the weasurement of flame tems
and KL

droplet generator s

peratire factor. The apparatus includes

em, combustion chiamber

systern, -and optical measurerment

e sing
rworcolor method.

The droplet generator used in this @amdv WS
originally developed by Honoki ef al. [1985), A

tross section of ‘the droplet generator is shown

i Fig. 20 The generator includes & piezoelectric
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transducer which iy made of ceramic of Ph(Zr,
T1)0; that has the ¢haracteristic of contraction
when an electric charge is given. A ruby orifice is
installed in front of it It generates a fine droplet
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Schematic diagram of experimental apparatus

with wide ranges of diameter, wvelocity, and
interdroplet spacing. The relative standard devia-
tiong of droplet diameter and velo¢ity from their
miean values are less than 3%. Test fuel from a
fuel tank 1s transmitied to the transducer through
a pipe. An oscillator transtorms the rectangular
wave into traperzoidal wave and transmits 1o the
transducer. Intermittent signals force the piezo-
electrie transducer to contraet 1o the radial direc-
tion intermittently, and then 4 generated pressure
wave pushes out the liquid through the orifice.
{(Chung et al., 1990; 1995)

A schematic diagram of combustion chamber
used in this stidy is shown in Fig. 1. The chamber
consists of ‘preheating part, heating part, and
measurement part. The heated afr with tempera-
ture of about 773 K is passed to heating part
through the non-flame torch of the preheating
part. The ambient air from preheating part is
furthet “heated here and provided to thé mea-
sureément part along radial symmetric flow path,
The droplet generator 1s located in the ceter of
heating part. The measurement part 15 a device to
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measure the ignition and combustion process of
droplet array optically. Quartz windows having
good optical transmittance and heat resistance are
installed to observe flame of droplet array dnd to
measure $oUt concentration in the both wides. In
the ameasurement purt where ~droplet array is
burned, two~color method 15 used to obtain the
fundamental information dbout the process of
soot formation and oxidation and flame tem-
perature of droplet array using optical {iber.
The instruments of two=coldr method consist of
an optical probe with optical fiber, two band~
pasy filters, photo-diode (Hamamatsu §2281-01),
and photo-sensor amplifier (Hamamatsu C2719),
Two band-pass filters are used 0 take chosen
wavelengths, 530 nm and 735 nm o at denter
wavelength, in the flame (Lee e @l., 1996).

The ambient temperature, droplet diameter,
and droplet spacing to be used as the parameters
and the corresponding values in this study are
shown in Table 1. Because the ambient wenipera-
ture has influence on the evapordtion of fuel ina
digsel engineg, the characteristics of soot formition
1s different with the ambient temperature, The
temperatures of 97371073, and 1173 K are used
as the test temperatures to obtain information for
the formation and oxidation of soot with the
ambient temperature of a combustion chamber,

The number density distribution of fuel droplet
is. a significant parameter in diesel combustion,
because the mixture states of fuel and air have
influernice on the degres of formation and oxida-
tion of soot. By setting droplet spacing as 4
parameter in this study, therefore, it s attempted
to Tind influences of the wtilization coefficient of
air with distance between each droplet on the
charactenstics of soot.

To an actual diesel engine; it s attempted to
incredse the surface ared of fuel by atomization of
fuelas much as possible. After evaporating fuel as

Table 1 Experimental parameters and values
Parameter Walues
Ambient terperature, (KJ 973, 1073 1173

Intérdroplet spacing, (mm) 56, 7, 9.3

Droplet diameter, {zam) 140, 145, 160

fast as possible, subsequently 1t is attempted to
burn fuel completely through accomplishment of
homogeneous mixture. Therelfore, droplet diame-
tet iy to be chosen as a parameter of this study,
and 1t iy fried to know how the quantity of
fuel-vapor for variation of droplet surface has
influence on the characteristics of soot,

When the droplet is injected into the measure-
ment part after passing through the path in the
cooling jacket, a relative velodity between the
ambient and droplet is produced. The relative
velocity is required to be low éneugh to obtan
useful data. The air velocity supplied into the
measurement part s fived at 0.7m/s, dnd the
initial velocity of droplet is adjusted to the air
velocity in order to minimize relative velocity
between air and droplet as much a8 possible,

In-this study, in order 1o remove third-party
factors that have influence on the formation of
500t except Tor the concerned experimental par-
drmeters, the test fuéls huve the same chemical com-
position. #-hexadecane (CwHsy) whose alkune
group has the molecular structure of chain Tink
and gemethylnaphthelene [ CpHCH2) whose aros
matic hydrocarbon group has the molecular
structure of ring link, having the cetatie funiber
50 puxed with the same volumetric ratio. The
tormer usually has the cetane number 100 and
short Ignition delay owing 1o good igniting
characteristics. However, because the latter hag
poor ignition characteristics, the cetune number is
zero. The cetane number of test fuels 15 mole
fraction of w-hexadecane mixed with o methy-
Inaphthalene.

Two pulses from a pulse generator are frans-
ferred to trapezoidal wave oscillator and strobo-
flash, respectively. The pulses are transformed to
trapezoidal which wre determined by
voltage level of the oscillator and transferred to a

WAvEes,

piezoelectric transducer. A droplet 15 generated
frome Diguid fuel in the transducer by repetitive
contracting operation through an orifice: The
gengrated diameters are 140, 145, and 160 gz,
respectively, The imterdroplet spacing is control-
led by a pulse generator with 75, 100, and 125 Hg,
respectively. They correspond to 9.3, 7, and 506
m, i the distance Trom the center of 4 droplet to
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that of the next droplet.

An optical probe of two-color method is made
of optical fiber. The optical probe is installed
on 4 transferring bed to move along flame of
droplet array, and adhered closely 1o the quartz
window. The scale is attached to the transferring
bed to medsure the ignition point of droplet
array and flame length in combustion chamber.
The light of flame is divided into two parts,
through two band-pass filters of 5350 nm and 755
nm, each of which is changed into electric signal
by a photodiode. The changed signal is saved by
a computer after amplified by a photo-sensor
amplifier. The droplet array forms thin flame
downward from ignition point in the.combustion
chamber. The optical probe is moved from the
ignition point of flame to the end point of com-
bustion by the transferring bed, and the eleciric
stgnals are measurad and saved by an-oscilloscope
and a PC. A series of these processes are repeated
ten times at the sime point of flame continuously.
The measured voltages are input to a program
and caleulated into AL factor and flame teraper-
ature by a program.

Figure 3 shows the schematic diagram of
measurement method. Injected droplet arcay into
the measurement part with high temperature is
ignited by 1tselfafter some ignition delay. In order
to measure K7L factors for time history of droplet

Droplet generator
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Diagram of the optical measurement method

array flame, with dividing the wmeasurement
position of optical probe by 10 mm, they are
measured from ignition point to the end of flame.
Although two-color method to be used in this
study is not able to clagsify and analyze the
process of soot formation and oxidation, it can
get qualitative values of variation in soot concen-
tration with time history. Hence, it is necessary to
measure the KL factors of flame as above and to
divide into the beginning, the middle, and the end
period for the flame length; which are compared
with factors of each period relatively. Therefore,
it comes to obtain the information for formation
and oxidation of soot with KL factors in the

period.
4. Results and Discussion

4.1 Ignition delay in each condition

Figure 4 shows the distance beétween injection
entrance and ignition peint of droplet array with
ambient temperature in interdroplet spacing, 5.6
mm, diameter of droplet, 160 g, As the ambient
temperature  ifcreases, the ignition peoint s
advanced to the entrance. The ignition time in the
ambient temperature 1173 K is earlier than that
in 973 K. Therefore, the higher ambient tém-
perature around droplet is, the more appropriate
the condition for self~ignition of droplet is. Fig-
ure 5 shows the distance between injection en-
trance and ignition point of droplet array with
interdroplet spacing in  ambient femiperature,
173 K, diameter of droplet, 160 gm. As inter-
droplet spacing increases, the time of ignition is
delayed more and more. The narrower space
between droplets 1s, the denser fuel vapor around
droplet is, so thet droplet array hus proper condi-
tion for self-ignition early. Figure 6 shows the
distance between injection entrance and ignition
point of droplet array with the variation of
droplet dianieter in ambient temperature, 1173 K,
interdroplet spacing, 5:6 mm. As droplet diameter
increases, the time of ighition s delayed more and
more. The smaller the diameter of droplet is, the
denser fuel vapor around droplet is, and hence
droplet array has proper condition for early self™
igrition.
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42 Influence of the ambient temperature on

the soot formation

Figure 7 shows flamie temperature and AL
factors from ignition to the end of combustion of
droplet array with mean values of experimental
results of five times. The experimental conditions
are cetane number 50, droplet diameter, 160 pam,
interdroplet spacing, 5.6 mm. As ambient temper-
ature incregses from 973 K fo 1173 K in Fig. 7,
Hape length of droplet array is about 40, 50, and
60 mim, respectively. As ambient temperature de-
creases, because the ignition delay increases, the
maximum temperature of flame is moved to the
ignition point of Hame.

Before droplet array is igrited by itself, quanti-
ty of fuel vapor depends upon the ignition delay.
Hence, flame temperature is high because of the
large number of fuel After ignition,
however, because droplet is small relatively 1o the
case of short ignition delay, flame temperature
decreases gradually because of & little amount of

vapor.
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Fig. 7 Flame temperature and KL factors with the
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fuel vapor. On the other hand, in the ¢ase of short
ignition delay, droplet s Jarge on the ignition
timie relatively 1o the case of long igninon delay,
Because droplet array in-the flame has high ten-
perature environment;, and the guantity of fuel
vapor increases and flame lemperature imcreases
gradually with  the progression of combustion.
After then, since the fuel vapor quuntity of
droplet iy smadl, it is considered that flame tem-
perature decreases gradually. In all conditions of
ambient temperature, KL factors are generally
high at the early combustion phase and then
gradually decrease, KL factors have almost simi-
lar values with each other at the late combustion
phase. In the case of U173 K, KL factors are
higher than those of other conditions. KL factors
arg generally proportonal to the gradient of
flame temperature, and hence ambient fempera-
ture has influence on the KL Tactor. Therefore,
ambient temperature has influence on the ignition
time and evaporation quantity of fuel, according-
ly these influences determine premixed guantity
and flame temperature of combustion duration.
After gnition of droplet, flame temperature has
mfluence on the KL factor, and hence it is
considered that Tlame temperature might leads 1o
formation and oxidation of soor.

Figure 8 shows mean value of KL factors for
the vanation “of temperative in the case of
premixed, diffusion, and late combustion phase.
KL factors ave low values in the case of 973 K
and 1073 K, and formation of soot is relatively
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Fig. 8 Relation between KL factors and combustion

phiase with the ambient temperature

|

&5

larger than the condition of 973 K and 1073 K in
the case of 1173 K. In the case of 1173K, KL
factors are higher by about %% than those of
YUK, 1073K in the phase of premixed combus
tion. As the ambient temperature increases, K1
factors inerease in the phase of diffusion combis-
tion. In the phase of late combustion, K1 Tactors
are high in the condition of 1173 K. From these
results, high ambient temperature results in the
merement of soot formation, It is considered that
soot formation incréases because the amount of
diffusion combustion is relanvely large due 1o the
shorter dgnition delay. Soot iy oxidized -after
ignition, however, quantity of oxidation is the
latgest in the cuse of 1173 K. Therelore, in order
to reduce soot, it 18 necessary 1o increase the
quantity of premixed mixture to e burned in the
early combustion phase, and to vaise the flame
temperdture in the late combustion phase,

4.3 Influence of the equivdalence ratio of

focal area on the soot Tormation

In order o investipate the mfluences of local
equivalence ratio on the formation of soot. flame
temperature and KL factors were measured from
the ignition of droplet to the end of combustion
and Fig. 9 shows the results. The experimental
conditions were cetane number 30, droplet diam-
eter; 160 gm, and ambient wmperature, 1173 K.
Then the interdroplet spacing was varied with 5.
6 mm, 7 min, and 9.3 mm. The fgire shows mean
values of experimental results of five tines,

As itterdroplet spacing is reduced from 9.3 mm
to 5.6 mm,the titial flame temperature iy reduced
from 1661 K to 1627 K. 1t is shown that the
veeurrence o maximum temperature of flame
moves from the inital part to center part of Hame.
In the results of charaeteristics of ignition delay
considered in the former section, as interdroplet
spacing  increases, it is asceftained that the
tgnition time is delayed. Aceording to thése tend-
encies, fuel vapor from droplet is accumulated
gradually during the ignivion delay, so that fuel
vapor has infloence on each other. Henee, because
quantity of fuel vapor increases ds interdroplet
spacing decreases, rich equivalence ratio region is
formed locally. Although the ignitable mixture is
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refatively formed early so that the ignition time is
advanced, flame temperature 18 low because con-
tact degree with ambient air is relatively narrow.
As combustion progresses, because droplét diam-
eter decreases, Tuel vapor gets out of the influence

of mutual overlap as detailed above, maximum

temperature of flame moves to central part of

flame gradually. KL
flame show high values and get lower gradually.

Espeeially, regardless of flame temperature, KL
factors are low in case of 9.3 mm. On the other
hand, KL factors and flamé temperature are
similar i the case of 5.6 mm and 7 mm. From
the above results, 10 darrow interdroplel spacing,
that is, when local equivalence tatio is rich, high

flame tempetature has influence on the s00t

formation. However, the utilization codlticient of

air is more dominant than flame temperature in
the case of 9.3 mm.
largely in locally vich equivalence
As  interdroplet

Therefore, soot 1§ Tormed
ratio’ region

and high flame temperature.

factors in initial phase of

low, As interdroplet spacing gets narrow, uti-
lization eoefficient of air is low and flame tem-
perature is high becduse the equivalence fatio is
cich, Then, formation of soot moreases through
thermal pyrolysis of fugl. On the other hand,
formation of soot iz relatively low and final

quantity of soot 1 low in case of 93 mm.

44 Influence of droplet size on the soot
formation

Figure 11 shows flame temperature and KL

diameter in

tuctors for variation of droplet

ambient temperature, 1173 K, interdroplet spuc-

ing, 5.6 mm, and cetane number, 30. As droplet
diameter increases from 145 o to M%} pm; flame
length grows longer from 6 mov to 15 mny and
Hame temperatare is also high. The slope-of Hame
femperature is shmilar, and madimum flame tem-
perature occury at miiddle point,

As droplet dimmeter is small, KL |

high incthe initial part of ﬂumm Subsequently, it

factors are
migars that soot s oxidized rapidly. Hence,
oxidation rate of 00t iy inversely proportional to
the droplet diameter. Evaporation and fuel vapor
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Fig. 11 Flame temperature and KL Tactors with the

droplet diameter

around «droplet arfdy increase because surface
ares ol Targe droplet is wideér than that of small
droplet. Therefore, flame teniperitire is high in
comparison with small droplet when droplet is

ignited. KT, factors are low becatge oxidation of

soot 15 promoted. On the other hand, in case
of siall droplet diameter, formation of soot
increases in the initial stage, and decreases rapidly
after then. It 18 considéred that hgh K7 factors
are shown because flame temperature 18 low, so
that guantity of diffusion combustion is larger
than that of premixed combustion. After middle
pomt of flame, fame temperature is high in each
condition -and KL Tactors have similar
However, in the end of flame, KL factors ave

ralues.

proportional to flame température and didmeter,
As droplet diameter incréases, the quantity of soot
formation iy larger than that of soot oxidation,
Figure 12 shows mean value of KL factors for
vafigtion. of droplet diameter in the case of
premixed, diffusion and late combustion phase.
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Fig. 12 Relation between KL factors and combus-
tion phase with the droplet diamersr

As diameter of droplet increases, K. factors
decrease an premixed and diffusion combustion
phase. - However, in late ¢combustion phase, the
condition of relatively sorall digmeter results in
tow K1 factors. Although initial KL factors have
higher values than other conditions in the case of
small droplet, the KL factors show the highest
oxidation rate because of low final KL factors.

Although the difference of ignition delay is
about 2% in three conditions, that of surface ares
is wbout 31%. Therefore, it is considered that
differences of fuel evaporation and heat wansfer
through surface area dominate flame temperature
and. quantity of diffusion combustion. Theréfore,
merement of surface area of fuel promotes the
evaporation and heat transfer of fuel in diffusion
combustion and increment of the utilization
coefficient of air have influence on the reduction
of 500t

3, Conclusions

(11 As the
gquantity of soot formation is to be large in the
combustion of droplet array. The ambient tem-
perature’ has  influence on  the
premixed mixture in the edrly combustion period,

ambient temperature increases,

quantity . of

which has influence on the flame temperature in
diffusion combustion period. Therefore, in order
to reduce soot in the diffusion conibustion of the
draplet array, the éarly premixed mixture quantity
and fame temperature in the late combustion
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pericd have to be increased.

(2) As mnterdroplet spacing is narrower,
large number of soot 1s formed relatively in high
flame temperdature region becduse of the more
dctive pyrolysis. On the other hand, less soot is
formed relatively in the-case of wider interdroplet
spacing, because the soot formation is dependent
upon the coeffivient of air utilization. Therefore,
in order to reduce soot in the diffusion combus-
tion of the droplet array, it is desirable to increase
the -coefficient of alr utilization of fuel droplet
array with introducing the oxidizer into the Jame;

{3) As surface area of a lirge draplet is
brodder than that of small droplet, the flame
temperature is high because -of relatively plenty
quantity of fuel vapor through the surface area, so
that fuel quanuty of diffusion combustion period
decreases relatively, Hence, as the diameter of
droplet 1§ large, KL factors are low in the
premixed and the diffusion combustion phase:
Therefore, the increase of surface “ared of fuel
causes the increase of heat transfer and fuel evap-
oration, and hence helps the reduction of soot
the diffusion combustion:
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