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ABSTRACT

Reduction of the Paticulate Matter (PM) is very important to achieve the dean diesel engines. Especidly,
reduction of the Soluble Organic Fractions (SOF) are very important, because the particulae trap can diminae
primerily the Insoluble Fractions (1 SF) but does not effectivey reduce the SOF, while the latter contains the harmful
components for human. A darification of SOF production inthe combustion chamber is required for the SOF reduction.
This paper isconcerned withthe formation of Particulate Matter (PM) indirect injection (DI) diesel engines. A system
featuring an dectromagneticadly actuated sampling vave with internal N2 dilution was developed for sampling of PM

directly from the combustion chamber. Lopt o\ 85p =30
The concentration of Totd Particul ate Mater £sp=3.0mm ' Cavity

Lsp=4.5MM ~m 61 X

(TPM), SOF and ISF, were measured a the twenty
different locations in the combustion chamber a

200 50
BMEP 0.091MPa - @sp=-15° BMEP 0.091MPa \ N

different sample timings (diff erent crank angles). #e = to0orpm | AR He - 1000rpm | |

The time resolution of the sampling vaveis 0inj=-10° ATDC oinj=-10° ATDC |

dominated by the opening duration of the vave,

which isan order of 1 or 2 milli seconds. In this SOF mg/m? ISF mg/m3
—> osp=0° —_— —

study, apparent time resolution wasimproved by roction of Mirection of

the following measure. The sample timing was

determined so tha the neighboring sample timings

were induded within the sampling duration. The ~ s 15°

measured va ue a each sample timing could be

recognized as an averaged va ue of the instantaneous

vaue & the sampletiming and & the neighboring

timings. Instantaneous va ues can be obtained by ®:sampling Point /" 6sp=30° @ : Sampling Point

solving the simultaneous equations between average Fig. 1 Contour Line of SOF and | SF Concentration at

and instantaneous va ues. The weight factor were Sample Timing of - 4° ATDC

sd ected to obtain suitable corrected vauesby trid and error.

The combustion gases (CO, CO,, O,, THC) were dso analyzed by the gas chromatography for the local ar fuel ratio
calculaion. The concentration of SOF was higher & the sampling positions on spray flame axis. The concentration of
ISF was higher a the sampling positions on downstream of the spray flame. Both SOF and ISF concentration are higher
a near the wall than away fromthe wall. It is dso made dear tha the PM formation is strongly affected by the wall
guenching a the combustion chamber wall.
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INTRODUCTION

Reduction of the Paticulate Matter (PM) is very
important to achieve the dean diesel engines. Especidly,
reduction of the Soluble Organic Fractions (SOF) are
very important, because the particulate trap can diminae
primarily the Insoluble Fractions (ISF) but does not
efectivdy reduce the SOF [1, 2], while the later
contains the harmful components for human. A
darification of SOF production in the combustion
chamber is required for the SOF reduction. Previous
studies have indicated thet the spray flame quenching the
combustion chamber walls played a significant role in
the formation of SOF [3,4].

A system feauring an dectromagneticdly actuated
sampling vave with internal ar dilution was devel oped
for sampling the PM directly from the combustion
chamber [5]. The concentration of SOF, ISF CO, CO,,
O,, and THC were measured & the twenty different
locations inthe combustion chamber a different sample
timings (different crank angles).

EXPERIMENTAL SETUP
A schematic diagram of the experimenta setup is

shown in Fig. 2. The intake ar temperaure and intake
ar pressure were maintained a 298 + 0.1 K and 1013.25
+ 0.25 hPa, respectively, by the ar temperaure and
pressure control system, while the cooling water
temperature and lubricating oil temperature were
maintained a 353+0.5K and 353+2 K, respectively. The
strict control of these operating conditions have assured
acceptable repeatability of the test results.

The specifications of the test engine are shown in
Table 1. A single cylinder DI diesel engine with a round
troidd combustion chamber is employed. The cylinder
head was built to suit the sampling vave
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Fig. 2 Schematic Diagram of Experimentd Apparaus
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SAMPLING VALVE AND SAMPLING PROCEDURE

An dectromagneticdly actuated sampling vave
with dilution system was developed for direct gas
sampling from combustion chamber as shown in Fig. 3.
The N, gasisintroducedto the very vicinity of the vave
seat, where the dilution occurs to cool particulae
sufficient enough for SOF to coagulate and to prevent
the PM from adhering onto the surface of the sampling
line. The sampling probe is connected to a sampling
vave inlet to collect gas—particulate mixture from the
sdected sampling point in the combustion chamber. The
sampling probe is a piece of stainless steel tube with an
inner diameter of 1 mm and length of 14 - 17 mm to
minimi ze dead volume,

Teble 1 Test Engine Specifications

Water Cooled

Vertical
Engine Type 4 Stroke
Direct Injection
Compression Ignition
Cylinder 1

Bore x Stroke
Displacement Volume
Intake Port

83 x 85 [mm]
460 x 10°8[m’]
Tangential Port

Injection Timing Variable
Injection Nozzle Hole(6 - ¢ 0.20mm)
Injection Valve
Opening Pressure 24.5[MPa)
Compression Ratio 16.5
Injection Pump Bosch Type

Maximum Output 5.5[kW1/2200[rpm]
Maximum Torque 25.5[Nm}/1600[rpm]
Number Intake 1
of Valves Iﬁaust 2

int.Open[deg] 540
int.Close[deg] 48

Exh.Open[deg) 309
Exh.Close[deg] 532

Valve
Timing

4 @Nz Passage
i @ N2 Passage
® Diluted Passage
J @ Diluted Passage

B-B

Fig. 3 Electromagneticdly Actuated Gas Sampling
Vave with Dilution Sygem
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The PM concentrations were shown in Fig. 4
sampled with and without dilution. The dilution helps the
PM to avoid adhesion onto the surface of the sampling
line and SOF to coagulae as mentioned before. The
gpparent PM concentrations were measured much less
than actud PM concentration without. Thus the dilution
isnecessary for the accurate PM sampling.

The sampled PM was then collected on a PTFE
coated glass-fiber filter (Pdlflex TX40 HI 20-WW)
typicdly used for PM measurement for exhaust emission.
The collected TPM was separated into the ISF and the
SOF using the Soxhlet extraction method with
dichloromethane for solvent.

The mass of TPM was obtained as a mass difference
between pre-sampling filter and post-sampling filter. The
concentration of TPM was determined by dividing the
mass of TPM collected on the filter by the volumeof the
sampled gas a the room temperaure and pressure. The
sampled gas volume was obtaned by dividing the
volume of the diluted gas by the dilution ratio. The
volume of diluted gas was measured using a volumetric
flow meter located downstream of the PM sampling
filter. The diluton ratio was determined from the
concentration of carbon dioxide (CO,) in the diluted
sampled gas and undiluted sampled gas.

The concentration of O,, CO, and CO, were measured by
the gas chromaography with Therma Conductivity
Detector (TCD). Hydrocarbon concentration was
measured a a totd hydrocarbon (THC) by gas
chromatography with Flame lonization Detector (FID).
For THC measurement, no separation of hydrocarbon
components is required. The short column length of 0.5
m with non-coated column packing was, therefore, used.
The column temperaure was set a 200 °C.

The local ar fuel ratio (A/F)L was calculated from the
local concentration of CO, CO,, O,, and THC with the
equation presented by Spindt [6]. Then the local ar
excess ratio AL was calculated from local (A/F)L.

The local O, excess ratio AO, was obtained the ratio of
measured local O, concentration to required O,
concentration for oxidation of local unburnt fraction of
CO, THC, SOF, and ISE The local O, excess ratio AO,
indicates available O, tha is needed to oxidize the
unburnt fraction.

The engine operaing conditions were fixed
throughout the test to simulate service under low load,
idling conditions shown in Table 2. Under these
operding conditions, the piston wall temperaure is
expected to reman moderaely low, therefore promoting
wall quenching effects. The fuel injectiontiming and the
fuel injection duration were set & 10 °BTDC and 5 °CA,
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Engine Speed 1000 rpm
BMEP 0.065MPa
6 inj=-10°ATDC

Without Dilution
With Dilution

4000 |-

3000 |-

2000 -

Conc TPM mg/m®

1000

5-4-3-2-10123 456
Sample Timing deg ATDC

Fig. 4 Paticulate Matter Concentration Obtained by
Sampling Vave with and without Dilution Was

Table 2 Engine Operating Conditions and Gas Sampling

Conditions
Speed 1000 [rEm]
BMEP 0.091 [MPa]
Injection Timing -10 [° ATDC]
Swirl Ratio 0.4
i Cooling Water o
(E)r;;gllgiing Tempegature 801[0.5°C]
Conditions | Lubricating Oil o
Tempera!ugre 80+[2.0°C]
Suction Air o
Temperature 25x[0.1°C]
Suction Air 013 55.+0,25 [hPa]
Pressure - -
s i Sampling Number 200 [cycles]
amplin
COngitiog\s Interval 10 [cycles]
Duration 12 [° CA]
6 < Cyrinder =] 180
Pressure 1
5 \ - 160
© =1 140
S 4 ] 120
. / N\ g
- LA \ o 100 g
e/ | J® =
a : I
- 2 60
5 ROHR ] g
2 . - 40
) - 20
0 T 0
0.6 k=-|Engine Speed 1000 rpm |..
L: _|BMEP 0.091MPa
EO 4 |-...16inj=-10°ATDC
E o
£ A
50.2
0.0 = —
-20 TDC 20

Crank Angle(ATDC) deg

Fig. 5 The Cylinder Pressure, Rate of Heat Reease, and
NozZe Lift Traces

respectively. The nozzle lift, rateof heat release (ROHR),
and cylinder pressure traces were shown in Fig. 5.

The exhaust emissions were liged in Table 3. The
ar excess ratio Ain was the ratio calculated from inlet ar
mass flow rate and fuel mass flow rate The exhaust
emissions were the base line daa to consider the
emission level inthe combustion chamber.
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The sampling was operated every 1llcyclessoasto Table 3 Gaseous Exhaug Emisson and PM Emisson
minimize the afects of the sampling procedure on the

Ain - 4.39

engine operation. The PM samples from 200 intermittent cé, % [0.031
engine cycleswere collected on thefilter. CO2 % | 355
. . . o 02 % |16.08

The s_amplmg vave opening duration wasset & 12 QA, THC ppmC [102.6
resulting in a sampled gas volumeof ca. 6 ml a ambient PM mgm3| 17.9
conditions. The sampling vave, cylinder head, and SOF _mg/m?| 14.8

ISF mg/m?3| 3.06

piston were deaned prior to each testing to keep
reproducibility.

Twenty sampling positions were sdected to
investigate the effect of location around the fuel spray on
the PM formation as shown in Fig. 6. The sampling
probe was positioned with an accuracy of +0.1 to +0.2
mm for distance and + 0.3 degree for angular location.

The measured concentration a each sampletiming
could be recognized as an averaged vdue of the

— Direction of
instantaneous vaue a the sample timing and a the Injection
neghboring timings. Instantaneous vaues can be ‘
obtained by solving the simultaneous equations between
average and instantaneous vaues with suitable weight
factors, which considers the sampling gas veocity

profiles.
Sampling duration is split into three sections, as o: Sampling Position
shown inFig. 7. The instantaneous concentration, Ci, of
each ith section can be formularized as follows: Fig. 6 Illustration of Sampling Podtions around the Fud

A C+AC,+AC,=B; e ¢)) Spray Axis

AC.+AC+AL =B - (i)

AC.,+A,C +AC, =B, ---- (n)

A+A+A=L e F —

Where, A, A,, A; are the weight factors considering the % N ¢, C2 _§_
sampling velocity profile during each sections, and B, - % | Co -E
-B, were the measured concentration of sample timing a E §
t,, -, N I I I_x_\ 3
Too large A, and A; brought trivid va ue as shown in Fig. i . |// i \\ \\

8. The weight factors, A,, A,, and A; were then sdected to t1 t2 ts
obtain suitable corrected vaue by trid and error, as they Crank Angle
ae not so much sensitive as far as they obtan non
negative concentration. Fig. 7 Actual Sampling Duration Split into Three
The representaive time of sample timing (crank Sections
angle) corresponds to the middle point of a 12 °CA
sampling duration. 2000 F P
e 1500 ] 99g ,',To?mmc
EXPERIMENTAL RESULTS AND DISCUSSON 2 ook N
S sl 5 SvmrSamctea
PM FORMATION ON THE SPRAY FLAMEAXIS g
The concentrations of gaseous components (CO, DY S o
CO,, and THC) and local excess ar ratio, AL, and -500 1 1 1 1
. . -20 -10 TDC 10 20
particulate maters (ISF and SOF) concentration are Sample Timing deg ATDC

shown in Fig. 9 and 10, respectively, as a function of
sampling timing in a cank angle basis. The sample Fig. 8 Measured Vd ue and Corrected Ve ue of SOF
timing of -16 °ATDC corresponds to the residual gas Concentrations
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component just before the fuel injection. The fuel
injection starts a -10 °ATDC and as soon &s the fuel is
injected the THC and SOF concentrations steeply
increese and reach to highest value a -4 °ATDC. After
that, the concentration of these components steeply
decreases and gpproach to constant vaue & 4 °ATDC.
These concentration changes corregpond to the fuel
injection duration and combustion period of -5 to 15
°ATDC. The concentrations of SOF and THC are higher
a near the wall.

The THC concentration was a range of measured
concentration with Rapid Compression Machine for the
diesel combustion which was reported by otherq 7].

The CO, concentration is highest a near the wall.
The local ar excess ratio is lowest near the wall. The
SOF concentration is higher than the ISF concentration
during combustion period and decrease to constant va ue
after 4 °ATDC.

35F
30
25
20
15
1.0
0.5
0.0

Engine Speed 1000 rpm
BMEP 0.091MPa P

6inj= -10°ATDC
6sp =0°

CO %

THC X10° ppmC

-20

-10
Sample Timing deg ATDC

TDC 10

Fig. 9 CO, CO,, O,, and THC Concentraionsa 4
Diff erent Sampling Podtionson Spay FlameAxis
(Bsp=0°Lsp=0.1, 1.6, 3.0, 4.5mm)

30
25|
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Local Air Excess Ratio AL

1600 |-
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1200 |-
1000 |-
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1000 |-
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Engine Speed 1000 rpm
BMEP 0.091MPa

6inj= -10°ATDC

6sp =0°

zxopo
Iy
o
i
1)
°
3
3

Conc ISF mg/m®

10
Sample Timing deg ATDC

Fig.10 Locd Air Excess Ratio and PM, SOF, and ISF
Concentration a 4 Diff erent Sampling Podtions
on Spay FlameAxis
(Bsp=0°,Lsp=0.1, 1.6, 3.0, 4.5mm)

VA

VN
BMEP 0.091MPa \ \
Ne = 1000 rpm

4
A -
£ =165 "\

6inj=-10° ATDC |
Sample Timing Sample Timing
- 4deg ATDC 12 deg ATDC

CO % ;
Direction ofijf !

Injection b

~@sp=0°

CO % /
[N —
Direction of \
Injection !

Fig. 11 Contour Line of CO Concentration at the
SampleTiming of —4° and 12 °ATDC
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CONTOUR LINES OF THE GASEOUS EMISSON
AND PM CONCENTRATION

The contour linesare obtained by interpolating the
concentrations of dl sampling positions. As typicd
contour lines, the sample timing of -4 °ATDC and 12
°ATDC are sdected. The sample timing of 4 °ATDC
represent the rapid combustion period and the sample
timing of 12°ATDC represent the end of combustion
period.

The contour line of the CO concentration a —4
°ATDC and 12 °ATDC a e shown inFig. 11. The highest
vdue of CO concentration is observed on the
downstream of the spray flame axis (Bsp = 15°) & 4
°ATDC.

The contour line of the CO, concentration a —4
°ATDC and 12 °ATDC ae shown in Fig. 12. The CO,
concentration is higher a near the wall. The CO,
concentration incresses as crank angle advance, as the
oxidation progresses.

The ISF concentration is unsymmetrical and is
higher in downstream of the spray flame axis than the
upstream as shown in Fig. 13. Significantly high
concentration of ISF can be seen in the head vortex
region of the spray [8] as well as inthe vidnity of the
cavity wall, bothin the downstream side.

The highest concentration point of the CO, CO,, and ISF
agreed precisdy.

The contour lines of the O, concentration, local
excess ar ratio, AL, and excess O, ratio, AO,, are shown
inFig. 14, 15, and 16, respectively.

. £sp=0.1mm
£sp=1.6mm ) - 8sp=-30 £sp=1.6mm -~
£sp=3.0mm e Cavity £ sp=3.0mm
Lsp=4.5mm \*’\“\\ £sp=4.5mm \\
NN V0N \swir

\k 20

\
BMEP 0.091MPa \

\ -
Me = 1000rpm  \ 1.0~ 4"

g =16.5 \§ """

@inj=-10° ATDC

Sample Timing Sample Timing
CO2 % CO2 %
— 6sp=0° —————» — ~-0sp=0°
Direction of Direction of
Injection Injection
I
/ """ 6sp=15 osp=15
/ /

@ : Sampling Point T esp=30° @ : Sampling Point

Fig. 12 Contour Line of CO, Concentraion a the
SampleTiming of -4 °and 12 °ATDC

The region of the high CO, concentration and lower AL
suggest the high temperature region. And inthis region,
sufficient O, concentration and high excess O, ratio were
observed.

The contour lineof the O, excess ratio, AO,, a —4
°ATDC and 12 °ATDC are shown inFig. 16. During the
combustion period, & —4 °ATDC as an example, lowest
O, excess ratio, NO,, of 2.0 or less can be seen on the
spray flame axis. The highest ISF concentration is
observed a 15° downstream of spray flame axis, where
the sufficient O, remainsthough.

BMEP 0.091MPa .
Ne = 1000rpm |
g =16.5 \h

6inj =-10° ATDC V\

Sample Timing Sample Timing
- 4deg ATDC 12 deg ATDC //

ISF mg/m3 ISF mg/m?3
—_— —0sp=0° ————» ~@sp=0°
Direction of

Direction of

Injection Injection

@ : Sampling Point

@ : Sampling Point T osp=30°

Fig. 13 Contour Line of ISF Concentraion at the
SampleTiming of -4 °and 12 °ATDC

BMEP 0.091MPa
Me = 1000 rpm
g =16.5

6inj =-10° ATDC

\
Sample Timing Sample Timing
- 4deg ATDC 12 deg ATDC
02 % 02 %

R —
Direction of
Injection

—_—
Direction of
Injection

@ : Sampling Point @ : Sampling Point

Fig. 14 Contour Line of O, Concentration & the Sample
Timing of -4 °and 12 °ATDC
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From these results, the thermal decomposition should be
considered as the reason of high ISF concentration.
At 12 °ATDC, dmost the end of combustion period, the
sufficient O, exists. So, there is a possibility of re-
oxidation of the unburnt fraction in the continued crank
angle.

The contour line of the THC concentration a —4
°ATDC and 12 °ATDC are shown in Fig. 17. The highest
THC concentration is observed on the axis of spray
flame. And the THC concentration is dmost symmetry
with respect to the spray flame axis.

BMEP 0.091MPa
Me = 1000 rpm
g =16.5

@inj=-10° ATDC

Sample Timing
- 4deg ATDC

Sample Timing
12 deg ATDC

A A
—_— - - 6sp=0°
Direction of / Direction of
Injection Injection

@ : Sampling Point

Fig. 15 Contour Line of Locd ExcessRatio, AL, a the
Sampletiming of -4 °and 12 °ATDC

BMEP 0.091MPa
Me = 1000 rpm
g =16.5

%70
@inj=-10° ATDC
Sample Timing
- 4deg ATDC
Aoz

> —
Direction of
Injection

Sample Timing
12 deg ATDC
Ao2

—0°——— —
Direction of
Injection

Fig. 16 Contour Line of O, ExcessRatio, AO,, & the
SampleTiming of -4 °and 12 °ATDC
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These tendencies are very similar to that of the SOF
concentration described bel ow.

The contour line of the SOF concentration & —4
°ATDC and 12 °ATDC ar e shown inFig. 18. The highest
SOF concentrations are observed on the spray flame axis.
The SOF concentration is dmost symmetry with respect
tothe spray flame axis. The SOF concentration ishigher
a near the wall. At 12 °ATDC, dmost the end of
combustion period, the SOF remains still high on the
spray flame axis.

£sp=0.1mm B £sp=0.1mm
Zsp=1.6mm osp=-30 £sp=1.6mm
£sp=3.0mm \. Cavity £ sp=3.0mm
Lsp=4.5mm - 2'00 sp=4.5mm -,

ot
&
BMEP 0.091MPa \ ; [\

Me = 1000 rpm
g =165 NSO
9inj =-10° ATDC
Sample Timing Sample Timing
- 4deg ATDC 12 deg ATDC
THC ppm THC ppmC |
—_— —¢ —@sp= _—
Direction of Direction of
Injection Injection
/7 11100 o sp-15°
18007/ [
- tfeool /|
/20 /o 4
YA |
@ : Sampling Point " esp=30° @ : Sampling Point

Fig. 17 Contour Line of THC Concentraion a the
SampleTiming of -4 °and 12 °ATDC

£sp=0.1mm

£Lsp=1.6mm
£sp=3.0mm o
£ sp=4.5mm —a, ‘

BMEP 0.091MPa {

i _..-@sp=-15
Me = 1000 rpm \ N
g =16.5 e
9inj=-10° ATDC \
Sample Timing Sample Timing \
- 4deg ATDC 12 deg ATDC

SOF mg/m3 SOF mg/m?
—_— — —@sp=0° ————»
Direction of Direction of

Injection Injection

@ : Sampling Point

Fig. 18 Contour Line of SOF Concentration a the
SampleTiming of -4 °and 12 °ATDC
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From these contour lines of the SOF and ISF
concentration, both SOF and ISF concentration are
higher a near the wall. These results strongly suggest
that the wall quenching ef fects significantly affect to the
formation of the SOF and ISF

CONCLUSION

In order to investigae the PM formation, the
concentration of SOF, ISK and gaseous components
were measured a the twenty different locations in the
combustion chamber. Following conclusions are
obtained.
(1) The SOF and THC concentration are high on the axis
of the spray flame during fuel injection period and &fter
injection end.
(2) The maximum ISF concentration is observed a the
position near the wall gpart from the spray flame axis
because of the spray impinge to the wall and form the
head vortex. While the maximum SOF concentration is
on the spray flame axis near the wall.
(3) Both SOF and ISF concentration are higher a near
the wall. These results strongly suggest that the wall
quenching effects significantly affect to the formation of
the SOF and ISF

REFERENCES

[1] H.Tenabe G.T.Sato, and Y. Funayama, "Study on
Diesel Paticulate Trap", Journal of the Marine
Engineering Society in Japan, Vol. 27, No. 8, (1992-8)
(writtenin Japanese).

[2] T. Uchiyama, S. Enamito, H. Tanabe, and G.T. Sato,
"Study on Hysteresis Phenomena of Diesel Particulate
Trap", Proceedings of the 3rd Internationd Symposium
COMODIA, (1994-7).

[3] H. Tanabe H. Yamaguchi, G. T. Seato, and T.
Yamamoto, "Wdl Effects on SOF formation”, SAE
Transactions No. 922211 (1992).

[4] H. Tanabe, S. Nakagawa, G. T. Sato, Y. Funayama,
"Effect of Cooling Water Temperaure on particulae
Emisson from DI Diesel Enging', Journal of the Marine
Engineering Society in Jgpan, Vol. 28, No. 4, (1993-8)
(written in Japanese).

[5] S. Kato, Y. Tékayama, G.T. Sao, and H. Tanabe
"Investigation of Paticulate Formaion of DI Diesel
Engine with Direct Sampling from Combustion
Chamber”, SAE Pgper N0.972969 (1997).

[6] R. S. Spindt,"Air -Fud Raios from Exhaug Gas
Analysis’, SAE Transactions No.650507 (1965).

[7] K.Miwa, T.Ishiyama and A.Kanno, Experimentd
study on Fud-Air Mixture Formaion and Ignition
Process in Diesel Combustion, Transaction of JSME

63

(part B) Vol .57, No.544 (1991-12), p.4294-4299 (written
in Japanese).

[8] Y. H. Won, H. Kosaka, and T. Kamimoto, Astudy of
the Flame Structure and soot Formation in Unsteady
Spray Flames via 2-D Soot-Scattering Image Analysis,
Transaction of JSME (Part B) Vol .57, No. 543 (1991-11)
p. 3966-3972 (written in Jgpanese).



	1-04: (1-04)
	056: 56
	0: The Fifth International Symposium on Diagnostics and Modeling of Combustion in Internal Combustion Engines (COMODIA 2001), July 1～4, 2001, Nagoya
	057: 57
	058: 58
	059: 59
	060: 60
	061: 61
	062: 62
	063: 63


