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Analytical Study on Soot Formation in a Diesel Engine
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The soot formation inside a diesel engine was studied by the analytical model. The soot is

formed from gaseous carbon atoms by the phase change under the saturation condition. This

soot model is implemented into the KIVA-3V code. From the results of the model, it is found

that the fuel rich core of spray inside a flame is the main source of soot. The effect of injection

timing is investigated by the soot model. When the injection timing is advanced, the formation

of soot is suppressed because of high saturation pressure. The soot formation is increased when

the injection timing is retarded mainly due to the decreased soot oxidation at low cylinder tem-

perature.
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1. Introduction

Although diesel engines have higher thermal
efficiency than gasoline engines, they emit more
exhaust gases containing NOx and soot. Many
researchers are aimed to reduce the diesel emis-
sions by improving combustion in the engine and
using the aftertreatment devices. For the research
of engine, it is necessary to develop a 3D model of
diesel cycle which has fuel injection, combustion
and emission formations inside a cylinder. The
NO formation inside a diesel engine has been well
described by Zeldovich (Heywood, 1988). How-
ever, the soot formation inside a diesel engine was
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not fully understood yet. Hiroyasu and Nishida
(1989) proposed a simple model for soot forma-
tion which calculates pyrolysis of fuel into the
soot particles. The results from the model are well
matched with the experimental data over the wide
engine operating conditions. Surovikin (1976) used
molecular collision theory for the soot formation.
In his method, the radicals are produced by py-
rolysis of fuel. Then, soot is formed from the ra-
dicals and grows with addition of fuel molecules
into the surface of soot. Hampson (1997) applied
Surovikin’s model to the diesel engine, and found
that the model was not as predictive as the Hiroyasu
model. Kazakov and Foster (1998) explained for-
mation of soot by the multi step mechanisms. His
model includes the processes of inception, coagu-
lation, growth and oxidation of soot particles.
Frenklach (2002) explained soot formation by
polycyclic aromatic hydrocarbons (PAH). In his
model, soot particles are generated by collisions
between PAH and grown by the abstraction of
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hydrogen atom and the addition of acetylene on
soot surface. This model is quite informative on
soot formation, but requires much computational
efforts for hundreds of species under considera-
tion.

In this study, the soot inception is calculated
from the phase change of gaseous carbon atoms to
solid soot particles under the saturation condi-
tion. The initial soots are then grown by the acety-
lene and undergo coagulations during collisions.
Most of the soots are oxidized and survived soots
are emitted from the engine. The purpose of this
study is to understand the mechanism of soot for-
mation in the engine. By the developed model, the
effects of injection timing on the soot formation
are investigated.

2. Soot Formation Model

The formation of soot can be explained by a
series of processes such as soot inception, surface
growth, particle coagulation and particle oxida-
tion. There are many descriptions for each process
by chemical reactions (Kazakov and Foster, 1998 ;
Leung and Lindstedt, 1991 ; Liu et al., 2002 ; Tao
et al., 2004). In this study, the soot model pro-
posed by Foster et al. was used which had 9 chem-
ical reactions for soot formation (Kazakov and
Foster, 1998). The soot is initiated from gaseous
carbon atoms produced during combustion. The
carbon radicals form a precursor for soot. For cal-
culation, the precursor is assumed to be Cso.

CuHs= 028PR+15H, (1)
and its rate is
n=Aiexp(—T/T) Yr (2)

Table 1 lists constants used for the chemical reac-
tions. The acetylene is also generated from fuel by

pyrolysis,

CuHs3= 7C.H>+8H, (3)
The reaction rate is given by

re=Asexp(— T/ T) Yr (4)

In the Foster model, the precursors are convert-
ed to the soot particle by the chemical reaction
(Kazakov and Foster, 1998),

Table 1 Arrhenius parameters used in soot model
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PR = soot (5)
rs=Asexp(— T3/ T) Yer (6)

Contrary to the chemical reaction theory, the con-
cept of phase equilibrium is used for the inception
of soot. The precursors are converted to the soot
particles when the partial pressure of the precur-
sors in the gaseous mixture exceeds saturation pres-
sure at the given temperature. The pressure-tem-
perature diagram of carbon in Fig. 1 is used for
calculating the saturation pressure of the precur-
sors at the given temperature (Pierson, 1993). When
the precursors are produced during combustion,
the partial pressure of the precursors in the pro-
ducts is increased and reaches the saturation pres-
sure. Then, the precursors begin to be transformed
into the solid soot particles. The mass fraction of
gaseous precursors in the products at saturation
state is

Ysar :*P%T 71?2: }; <7>

The rates of change of the precursors, soot and
soot number density due to formation are deter-

mined,
dYPR — YPR — KGAT (8)
dt |mc At
dYs‘oot — YPR _ YSAT (9)
dt  |mc At
dN _ ©oNa dYsoor ( 10)
dt \we  Wep dt v
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Fig. 1 Vapor pressure of carbon (Pierson, 1993)

where Wpee is the molecular weight of the precur-
sor, 600 g/mole.

The more precursors are transformed into the
soot particles when the cylinder temperature is
decreased or the partial pressure of the precursor
is increased. The initial soot particle is assumed
to have 50 carbon atoms with the size of | nm in
diameter.

Acetylene adds carbon atoms to the surface of
soot,

Soot + Co,H, = “Bigger soot” + H, (11)
n=Asexp(—Ty/ T)S"Ye,u, (12)

where S is the total soot surface area per unit
volume,

S=ndi N (13)

and the diameter of soot particle is calculated,

(S5 o

Coagulation between soot particles is considered,
and the rate of coagulation is given by

7’52%,8N2 (15)

The coagulation constant, 3, is determined from
harmonic mean of free-molecular collision fre-
quency Bsm and near continuum collision fre-

quency Buc,

— BmeﬂC
Bi Bfm"i'ﬁnc <16>
. 6ksTd,
Bfm—4a,/—ps & (17)
B,,C:SI%T(I +1.257Kn) (18)

where kg is the Boltzmann constant (1.38 X107%
J/K) and K7 is the Knudsen number.
The precursors are oxidized by,

PR+ 0:;+24H, = 2C0O+24CoHy (19)

7= Ag exp(— To/ T) Yor ‘)W’,/o"; (20)
The oxidation of acetylene proceeds with
CoHo+ 0,=2CO+H, (21)
= Arexp (= B/ T) Yeur, G52 (22)
The soot particles are oxidized,
Soot + O, = smaller soot+2CO (23)
=12 [ﬂ Xat kspo,(1—2x4) }S/p (24)
1+ kapo,
where
xa=[1+ (kr/po,) ]! (25)
ka=20exp(—30/RT) (26)

Fp=(4.46X10"%) exp(—152/RT) (27)
kr=(1.51X10°) exp(—97/RT) (28)
k=213 exp(4.1/RT) (29)

The mixing effects are considered with Magnussen’s
eddy-dissipation model (Magnussen and Hjertager,
1976) in calculating oxidation of precursor, acety-
lene and soot.

rl?””fzcl% Ve (30)
where c¢; is taken to be 10.

The reaction rates of oxidation are determined
by harmonic means of the kinetic reaction and
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mixing.
7/'lkm 7/'lmlx

R i 7=6, 7 and 8 (31)

Vi—

The rates of change of mass fraction of species are
calculated simultaneously,

dYe _

dt — 71— 7 (32)
dYo, __ Wo, 7 Wo, ¥ Wo, 7 (33)
dt Wer ° We,a, Towe ®
ClIYH2 _ WH2 WHz WHz
at BT M ety
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dt =2 WPR 76 t2 WCZHZ 7’7+2 WC 78 <35)
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To solve this system of ODEs, Egs. (32) ~(39),
VODE ODE solver (Brown et al., 1989) was used.
The VODE solves the initial value problem for
stiff or nonstiff systems of first order ODEs with
fixed-leading-coefficient implementation. Changes
of the number density of soot and mass fractions
of each species due to reactions are calculated by
VODE solver. The soot model was incorporated
with the KIVA-3V code (Amsden, 1999) and ap-
plied to the diesel engine. The specification of
the engine and operating conditions are listed in
Tables 2 and 3. The transportation of the number
density of soot and mass fractions of each species
with convection and diffusion are calculated by

Table 2 Engine specification (Brown et al., 1989)

Engine type Direct injection,
& P Turbo charged 4 valves

Bore X stroke 140X 152 (mm)
Displacement 2.34 (L)
Compression ratio 13

Unit injector
0.20 (mm) X8 (holes)

152 degrees

Type of injector

Spray angle

Table 3 Computational conditions (Brown et al.,

1989)
Engine revolution (rpm) 1200
Swirl number 1.4
Amount of fuel (g/stroke) 0.053
Start of Injection (CA BTDC) 19, 11%, 3
Initial temperature (K) 430
Initial pressure (MPa) 0.23
* : baseline case
KIVA-3V main solver.
dp (N/Na) 0 0 ﬂ
ot I 0x; <puj NA) (40)
:L<D8<N/N) >+< do(N/Ny) )
3xj an dt
90Ys L 9 (pu,vy)
ot an <41>
0 0Ys doY
= (D5 )+ (95)

where N, is the Avogadro number (6.023 X 10%
molecules/mol), and N is the soot number densi-
ty (particles/cm?).

Figure 2 shows the combustion chamber at TDC
with computational meshes used in this study. It
represents one-eighth of the engine combustion
chamber since the injector has eight symmetric
holes for spray. It has 29 cells in radial direction,
20 cells in azimuthal direction and 28 cells in
axial direction. The computation is continued until
the timing of exhaust valve opening (EVO), and
it takes about 4 hours to calculate one case with
a Pentium 4 PC.
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Y
Fig. 2 Computational meshes for a combustion
chamber at TDC

3. Results and Discussions

Figure 3 shows variation of cylinder pressure

during combustion. The calculated results of cy-
linder pressure from the model show good agree-
ment with the experimental data, In the later part
of combustion, the calculated cylinder pressure is
higher than experimental data mainly due to un-
derestimation of heat transfer from the cylinder.
Fig. 4 shows normalized value of soot mass with
experimental data using two-color optical pyrometry
(Ishii et al., 2001). The results from calculation
show slow formation of soot in the early part of
combustion and active formation in the later part
of combustion under higher cylinder temperature
compared with the experimental measurements.
Fig. 5 shows variation of soot mass in a cylinder
during combustion. The soot is actively formed
and grown during the combustion and reaches a
peak near 8° ATDC. Then, it is decreased mainly
due to oxidation and 60% of the peak is reduced
at 20° ATDC.

Figure 6 shows distributions of equivalence ra-
tio, temperature, formation rate of precursors and
inception rate of soot. The injected fuel penetra-
tes entire cylinder at TDC, and fuel rich core is
developed inside the spray in Fig. 6 (a). The flame
is located near the stoichiometric equivalence ra-
tio in Fig. 6(b). The precursors are actively formed
inside the flame where mixture is rich in Fig. 6
(c). The soot is produced mainly inside the flame
where precursors are concentrated in Fig. 6(d).
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Fig. 5 Variation of soot mass in a cylinder

The precursors in the fuel-rich core are trans-
formed into soot particles quickly because of hig-
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Fig. 6 Results at TDC
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her concentration. The inception of soot in the
spray is described by Lee (2004). In Fig. 7, the
liquid fuel droplets are rapidly evaporated after
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Fig. 8 Variation of precursors and soot

breakup in the spray and mixed with the surround-
ing air by the swirling flow. The flame is located
along the region of stoichiometric mixture ratios.
The precursors in the core of flame are changed
into soot particles because of high concentration.
The incepted soot particles are then coagulated
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and grown by acetylene. Fig. 8 shows variation of
precursors and soot mass inside a cylinder. The
precursors are actively produced in the early part
of combustion and quickly converted to soot par-
ticles. At 5° ATDC, the production of precursors
is ceased, and the generation of soot is terminated.
Fig. 9 shows the change of number density of soot.
The number density of soot is peaked near TDC
and starts to decrease rapidly because of oxida-
tion. After 10° ATDC, the number density of soot
shows slow decrease due to the coagulation.
Figure 10 shows variation of cylinder tempera-
ture for different injection timings. When the start
of injection (SOI) timing is advanced to 19° BTDC,
the ignition delay is increased due to the low air
temperature, and the fuel mixed with air during
the ignition delay is burned abruptly after autoi-
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Fig. 9 Variation of soot number density in cylinder
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Fig. 10 Effect of injection timings on cylinder tem-

perature

gnition. With the effects of compression, this re-
sults in the peak cylinder temperature of 1650 K
at 5° ATDC. When SOI timing is retarded to 3°
BTDC, the ignition delay is shortened and peak
of cylinder temperature is much decreased be-
cause of expansion. Fig. 11 shows distributions of
equivalence ratio, temperature and formation rate
of precursors and inception rate of soot for dif-
ferent injection timings at the crank angle when
the inception rate of soot is maximum in each
case. When injection timing is advanced to 19°
BTDC, the ignition delay is increased and mix-
ing between fuel and air are enhanced resulting in
the uniform distribution of equivalence ratios as
shown in Fig. 11(a). In this case, the formation of
precursor is reduced because of large stoichio-
metric area and the inception of soot is suppress-
ed due to high temperature as shown in Fig. 11
(b). On the other hand, for the injection timing
at 11° BTDC or 3° BTDC, more fuel is concen-
trated in the core of spray which results in the
high formation rates of precursors. Much of these
precursors are transformed to soot under low sa-
turation pressure. The effect of injection timing
on soot number density is shown in Fig. 12. When
the injection timing is advanced to 19° BTDC,
the soot number density is decreased by 25% main-
ly due to reduced precursors and slow solidifi-
cation. When the injection timing is retarded to 3°
BTDC, the soot number density is reduced by
25% because of reduced precursors under low cy-
linder temperature. Fig. 13 shows productions of
precursors and soot for the different injection tim-
ings. When the injection timing is advanced, the
production of precursors and incepted soots are
similar to the case of standard timing. When the
injection timing is retarded to 3° BTDC, the for-
mation of precursors is reduced because of low
cylinder temperature but the production of soot
from the precursor is relatively active because of
low saturation pressure. The formed acetylene
and the mass of soot are shown in Fig. 14. The
acetylene and mass of soot are decreased for the
advanced injection timing at 19° BTDC because
of large stoichiometric area. For the retarded in-
jection timing at 3° BTDC, the production of
acetylene is delayed until the cylinder temperature
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reaches 1200 K. The total production of acetylene
and soot by acetylene for the retarded injection
timing at 3° BTDC is comparative with that for
standard injection timing. In each injection case,
a half of the total acetylene is consumed for the
growth of soot. Fig. 15 shows variations of soot
with oxidized soot for the different injection tim-

SOI=—19
(At 5° BTDC)

SOI=—11
(At TDC)

ings. When injection timing is advanced to 19°
BTDC, the formed soot is immediately oxidized
due to the high cylinder temperature. When the
injection timing is retarded to 3° BTDC, oxida-
tion of soot is relatively slow because of low cy-
linder temperature which results in the increased
soot emissions.

SOI=-3
(At 7° ATDC)
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Fig. 11
inception rate of soot for different SOI’s

Comparisons of distributions of temperature, equivalence ratio, formation rate of precursors and
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4. Conclusions

The soot inception from the precursors is cal-
culated using the phase change of carbon atoms
under the saturation condition. With the phase
equilibrium model and distributions of fuel and
local temperatures inside a cylinder, the forma-
tion and oxidation of soot can be explained rea-
sonably.

The effect of injection timing on the soot for-
mation is studied by this model. When the injec-
tion timing is advanced, the formations of pre-
cursors and acetylene are decreased because of the
large stoichiometric area. The inception of soot
from precursors is also reduced due to high sa-
turation pressure inside the flame. When the in-
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Fig. 14 Variation of acetylene and soot mass for
different injection timings
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Fig. 15 Variation of oxidized soot for different in-

jection timings

jection timing is retarded, the soot emissions are
increased mainly due to slow oxidation.
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