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Abstract

A three-dimensional reacting flow modeling approach is presented for diesel engine studies that can be
predictions of trends in soot emissions for a wide range of operating conditions. The modeling framework e
skeletal chemistry forn-heptane for ignition and combustion, and links acetylene chemistry to the soot nucl
process. The soot model is based on integration and modification of existing submodels for soot nuclea
glomeration, oxidation, and surface growth. With the optimized modeling parameters, the simulations ag
with results of high-pressure shock tube studies of richn-heptane mixtures, reproducing the trends for soot m
over a range of temperature and pressure conditions (T = 1550–2050 K,P = 20, 40, and 80 MPa). Engine simul
tion results for soot mass are in excellent agreement with diesel engine smoke number measurements ov
of injection timings (−11◦ ATDC–2.4◦ ATDC) and two exhaust gas recirculation levels (16 and 26–27%).
model results demonstrate that correct description of the soot formation, as well as the soot transport pro
critical for achieving reliable predictive capabilities in engine simulations.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Despite the highly competitive thermal efficien
of the direct-injection diesel engine, the perenn
NOx-soot emissions trade-off challenges its com
ance with ever more stringent emissions regulatio
In order to improve our understanding of the polluta
formation and destruction mechanisms, and to m
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the demand for rapid design and development tu
around, three-dimensional computational fluid d
namic (CFD) models of reacting flow in engin
are seeing increasing use. Engine soot models
ranged in complexity from phenomenological to d
tailed physico-chemical models. NOx emissions are
typically modeled using variants of the extended Z
dovich mechanism.

Among the empirical soot models, the two-st
model of Hiroyasu and Kadota[1] and its variants
[2–8] have been used in a number of engine st
ies owing to its simplicity of implementation in CF
codes. This model is based on two empirical r
e. Published by Elsevier Inc. All rights reserved.
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Nomenclature

A Preexponential factor in rate coefficient
expression (units of cm3, mol, s)

AC Correction factor for nucleation rate ex-
pression

Ċk Coagulation rate forkth soot moment
dm Average soot diameter (nm)
D Sum of the turbulent soot diffusivity and

the velocity slip diffusivity (m2/s)
E Activation energy (kcal/mol)
Ġk Growth rate forkth soot moment
İk Nucleation rate forkth soot moment
kX Per-site rate coefficient (cm3/site/mol/s)
mCsoot Soot mass (g)
M̄k kth mean soot moment
n Power of temperature in rate coefficient

expression
n(v, t) Soot particle-size distribution (a log-

normal distribution is assumed)
ni, nj Number densities of soot particles of

volume (size)i or j per unit volume
(1/cm3 cm3)

N0 Avogadro’s number (1/mol)
R Universal gas constant (kcal/mol/K)

Si Surface area ofith soot particle (cm2)
˙̄Sk Source/sink term for thekth moment
t Time (s)
T Temperature (K)
v Soot volume (cm3)
vi, vk Volume of soot particle of sizei or k

(cm3)
vg Average soot volume (cm3)
v1 Volume of one carbon atom
�v Flow velocity vector (m/s)
X Species designation
[X] Molar concentration of speciesX

(mol/cm3)

Greek symbols

α Fraction of surface sites available
β(vi , vj ) Collision frequency between soot parti-

cles of volume (size)i andj (m3/s)
χS Number density of surface sites(2.3 ×

1015 cm−2)

σ Standard deviation
ω̇ Reaction rate (mol/cm3)
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equations, formation and oxidation, which are fun
tions of the major reactant concentrations. The mo
does not take into account particle growth and s
dynamics, its prediction of soot formation is linke
explicitly to fuel concentration, and rate coefficien
used in the empirical reactions often have to be m
ified when engine geometry or operating conditio
are changed. This approach limits the applicability
the model as a predictive design tool to conditio
where the model has been previously validated.

Tesner et al.[9] introduced an improved class
models by postulating formation of an intermedia
species responsible for particle nucleation. Surov
[10] assumed that the formation and growth of radi
nuclei and the formation and growth of soot pa
cle nuclei are different stages of the same proc
partially superimposed on one another, but that t
occur through different mechanisms. Hence, the p
ticle formation process is assumed to consist of th
stages: (i) the formation of radical nuclei, (ii) th
growth of the radical nuclei and their conversion up
reaching a critical diameter into nuclei with a physic
surface, and (iii) the further growth of the nuclei a
their transformation into carbon particles. The st
dard KIVA-3V [11] soot model is primarily based o
that of Surovikin[10], while the oxidation of soot par
ticles follows the procedure of Haynes and Wag
[12] with rate constants from Nagle and Stricklan
Constable[13]. Following the framework of Tesner e
al. [9], a number of other researchers have linked
intermediate species for particle nucleation to ace
lene[14,15], while others have introduced a gene
soot precursor radical[16,17]. Nevertheless, this clas
of models still considerably oversimplifies the ga
phase combustion chemistry and neglects particle
namics.

At the other extreme, detailed, multistep chemi
models of soot formation and oxidation have been
veloped for canonical systems such as laminar fla
[18–22], counterflow diffusion flames[23–26], and
turbulent diffusion flames[27]. Application of a mod-
eling framework derived from these approaches
been attempted in a few closed-cycle engine sim
lations [28,29], including the work of Kitamura e
al. [30]. However, the extensive use of existing, d
tailed kinetic models in multidimensional simulatio
is still cost prohibitive and quantitative agreeme
with experimental data remains a challenge. The
fore, there is strong motivation to develop a soot f
mation model for practical fuels that can capture
essential physico-chemical processes, yet is amen
to large-scale simulations.

In addition to the soot physical chemistry, it
recognized that soot transport can play a large
in the soot emissions from engines and combus
[31,32]. However, the sensitivity of particulate emi
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sions to the soot transport dynamics and the meth
used to model soot transport are often not well do
mented.

Based on the needs identified above, the ob
tive of the current work is to develop a model th
includes the broad scope of the physical and chem
mechanisms important in soot processes and is s
ciently simplified such that the soot model can be
tegrated into KIVA simulations of diesel combustio
The modeling approach is based on integration
modification (as necessary) of existing submodels
soot nucleation, agglomeration, oxidation, and s
face growth. In addition, when appropriate, the mo
should account for soot particle transport which is d
ferent from that of gas-phase species. A key goa
the modeling effort is accurate predictions of tren
in soot emissions for a wide range of operating con
tions. The results of well-controlled shock tube stu
ies by Kellerer et al.[33] are therefore used to ca
ibrate the model and to develop confidence in
predictive capabilities. In the following sections, t
submodels are described, comparisons with the ex
imental results are presented, and the sensitivity o
soot model to the input parameters of the compon
submodels is investigated. The work concludes w
a comparison of KIVA simulation results with expe
imental data obtained from diesel engine studies.

2. Modeling approach

The modeling approach adopted in this study
based on our previous work on soot emissions of
ural gas engines[34,35], where various submodels a
incorporated and modified as necessary to repre
each of the physical and chemical mechanisms c
sidered important in soot modeling for engine stud
The basic framework of the soot modeling is the m
ment method, which has been used previously[18,
36] to describe soot properties with reasonable ac
racy and computational costs. In the moment meth
the evolution of the soot properties is determined
the first three moments representing the soot n
ber density(M0), soot volume fraction(M1), and
the deviation from the average volume(M2), using
a presumed particle-size distribution. Specifically
log-normal size distribution,

(1)n(v, t) = 1

3
√

2π lnσ
exp

[
− ln2(v/vg)

18 ln2 σ

]
1

v
,

is used in this study. In Eq.(1), n is the number
density of soot particles of volumev (where spher-
ical particles are assumed throughout this work),vg
is average particle volume, and theσ is the standard
deviation of the volume distribution. The assumpti
of a log-normal size distribution for soot particl
is supported by experimental observations in eng
studies[12,37,38]. Note that because a particle-si
distribution is assumed, higher moments need no
calculated and significant computational savings
realized.

With a presumed log-normal size distribution, t
first three soot moments are sufficient to resolve
soot properties using the relations

(2)M̄k = M̄0vk
g exp

(
9

2
k2 ln2 σ

)
,

(3)vg = M̄2
1

M̄
3/2
0 M̄

1/2
2

,

(4)ln2 σ = 1

9
ln

(
M̄0M̄2

M̄2
1

)
.

The transient features of the soot moments are
termined via

(5)
∂M̄0

∂t
= İ0 − Ċ0,

(6)
∂M̄1

∂t
= İ1 + Ġ1,

(7)
∂M̄2

∂t
= İ2 + Ġ2 + Ċ2,

where İk is the nucleation rate,̇Gk is the combined
growth and oxidation rates, anḋCk is the coagulation
rate for thek = 0, 1, and 2 moments. The source a
sink terms represented in Eqs.(1)–(3) are developed
based on the detailed physical and chemical subm
els for the soot processes. The submodels includ
skeletal reaction chemistry to represent ignition, co
bustion, and the formation of soot precursor spec
(b) nucleation of soot primary particles coupled to
reaction kinetics; (c) soot coagulation based on co
sion theory; (d) soot oxidation by O2 and OH; and (e)
soot surface growth using a modified HACA mech
nism.

2.1. Reaction chemistry

Because diesel engine combustion is the sys
of interest in the current work,n-heptane chemistry i
used as a surrogate fuel to model the ignition, co
bustion, and soot nucleation chemical kinetics. T
reaction mechanism employed in this study is p
vided in Liu et al.[39]. The mechanism is a skel
tal form of a detailed mechanism forn-heptane[40],
which is similar to the skeletal mechanisms by Pits
and Peters[41] and Bollig et al. [42]. Compared
with these previous mechanisms, the new mechan
has been enhanced and updated with the kinetic
data provided by Baulch et al.[43,44] and others
The mechanism has been validated by compar
with ignition delay times from shock-tube[45] and
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rapid compression machine experiments[46] at var-
ious temperatures, pressures, and equivalence ra
species measurements from lean and rich plug fl
reactor (PFR) experiments[47]; temperature mea
surements from PFR experiments for various ini
temperatures[48] at elevated pressure; and spec
measurements in ann-heptane/air counterflow diffu
sion flame experiment[49]. Most importantly for the
present study, all the major species and the acety
mass fraction for the latter experiments are well p
dicted. The validation studies are documented in m
detail in Liu et al.[39].

2.2. Nucleation of soot primary particles

The nucleation of soot primary particles is co
sidered the least well-understood step in the soot
mation process[50]. Although a unique soot precu
sor has not been identified, many species, inc
ing acetylene (C2H2), polyacetylene, benzene, an
polycyclic aromatic hydrocarbon (PAH), have be
suggested as important in the nucleation of soot
mary particles[19,36]. Frenklach and Wang[19] esti-
mated soot nucleation rates using collision proces
of higher PAH compounds, which are only formed
the presence of acetylene. The use of PAH as a
precursor, however, requires a relatively large re
tion mechanism, resulting in increased computatio
costs and possibly a larger degree of empiricism, if
supporting chemistry is unknown. Thus, an alter
tive approach that does not involve PAH compoun
is sought. Among the other compounds sugges
above, acetylene has been proposed as an ess
species in soot formation[51] and it is believed to par
ticipate in the PAH growth[50]. Because acetylene
considered a primary contributor to soot nucleat
and its detailed kinetics are well represented in
skeletaln-heptane mechanism described above,
cleation of soot monomers was symbolized by
reaction:

C2H2 ⇒ 2Csoot+ H2. (R1)

Here, 2Csoot represents a soot monomer that is co
posed of two carbon atoms. In this work, the r
constant for(R1) is an empirical global rate consta
for soot formation, which is discussed further belo
Once the soot monomers are formed, it is assum
that they immediately consolidate to form soot p
mary particles. It is then necessary to determine
total number of carbon atoms that constitute the s
primary particle. After investigating the effect of th
primary particle size on the overall soot model (d
cussed in Section3), the soot primary particles wer
assumed to consist of 32 carbon atoms. Thus, 16
monomers are required to form one soot primary p
ticle, which is formed instantaneously from the so
;

l

monomers. When less than 16 soot monomers
available (i.e., when the number of monomers is
evenly divisible by 16), the monomers are conso
dated to form a smaller soot primary particle to p
serve conservation of carbon atoms. The stipula
that the primary particle consists of 32 carbon ato
is based on the work by Appel et al.[22] where the
primary soot particles are formed by the collision
two pyrenes consisting of 16 C atoms each.

The average diameter,dm, of the soot primary par
ticles was determined by calculating the combin
mass of the 32 carbon atoms, using a soot den
of ρsoot= 1.8 g/cm3 [18], and assuming that the 3
carbon atoms combine to form a spherical parti
namely

(8)
πd3

m
6

= mCsoot

ρsoot
.

The form of the rate coefficient for reaction(R1)
is based on the fundamental assumption that the
of production of the soot primary particles follow
the rate of production of the important gas-pha
species—acetylene. The soot nucleation rate exp
sion considered is that proposed by Leung et al.[52],

ω̇nucleation= 1.0× 104 exp

[−21,100

T

]

(9)× [C2H2] [mol/cm3],
which was developed to represent direct formation
soot primary particles from acetylene.

The nucleation rate is incorporated into the m
ment model via

(10)İk = ACvk
1ω̇nucleationN0,

whereAC is a correction factor,v1 is the specific vol-
ume of the soot primary particle raised to the pow
of the kth moment, andN0 is Avogadro’s number
The correction factor in Eq.(10) is adjusted to in-
vestigate the sensitivity of the overall soot model
the nucleation submodel and to optimize the ov
all soot model performance under benchmark ex
imental conditions. The correction factor is set at
fixed value determined in the benchmarking stud
for all subsequent engine modeling studies. The s
sitivity analysis, model benchmarking, and validati
processes are discussed further below.

2.3. Surface growth and oxidation

The reaction mechanism used in the current st
for soot growth by surface reaction and soot oxidat
is shown inTable 1, which is taken from Kitamura e
al. [30] with one modification. In this mechanism, th
surface growth model is based on the HACA me
anism[18,36] with the addition of several reactio
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Table 1
The soot surface growth and oxidation mechanism of Kitamura et al.[30] used in the current work

Reaction k = Aexp(−E/RT )

A (cm3/mol s) E (kcal/mol)

G1f Csoot-H + H → Csoot• + H2 2.5× 1014 12.0
G1b Csoot• + H2 → Csoot-H + H 4.0× 1011 7.0
G2f Csoot• + H → Csoot-H 2.2× 1014 −
G2b Csoot-H → Csoot• + H 2.0× 1017 109.0
G3a Csoot• → C2H2 + products 3.0× 1012 62.0
G4f Csoot• + C2H2 → CsootCHCH• 2.0× 1012 4.0
G4b CsootCHCH• → Csoot• + C2H2 5.0× 1013 38.0
G5 CsootCHCH• → Csoot-H + H 5.0× 1010 −
G6 Csoot• + O2 → products 2.2× 1012 7.5
G7 CsootCHCH• + O2 → products 2.2× 1010 7.5
G8 Csoot-H + OH → products Reaction probability= 0.13

a The preexponential factor listed for reaction G3 has been reduced from the original expression provided in Kitamu
[30] by a factor of 0.01.
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paths suggested by Colket and Hall[53]. The surface
growth mechanism includes possible acetylene e
ination from the soot radical (reaction G3) and se
rates the acetylene addition process into a revers
formation of the radical adduct (reactions G4f a
G4b) and a cyclization reaction (reaction G5). T
rates for soot oxidation by O2 and OH are taken from
Appel et al.[22] and Neoh et al.[54], respectively.
The modification of the preexponential factor for r
action G3 is based on the results of the sensitivity
validation studies. Details are presented below.

The contributions of soot growth and oxidation
the soot moment equations are calculated using
reaction mechanism inTable 1, along with the expres
sion

(11)ĠX
k =

∞∫
0

vk
i kX[X]αχSSini dvi,

wherekX is the per-site rate coefficient,[X] is the
concentration of the gaseous species involved in
surface reactions,α is the fraction of surface site
available for reaction,χS is the number density of su
face sites,Si is the surface area of theith soot particle,
andni is the particle size distribution function define
by the log-normal size distribution.

2.4. Particle growth by coagulation

Soot particle growth by collision is modeled usi
Smoluchowski’s equation[55],

Ċk =
∞∫

0

vk
i

1

2

vi∫
0

β(vj , vk)nj nk dvj dvi

(12)−
∞∫

vini

∞∫
β(vj , vi)nj dvj dvi,
0 0
whereβ(vj , vi) is the collision frequency betwee
soot particles,ni and nj are the number densitie
of soot particles of volume (size)i and j , respec-
tively, andvi andvj are the volumes of soot particle
of size i and j , respectively. Soot exhausted fro
automotive engines is known to be in the transit
region between the free molecular and the con
uum regimes[12,17,55]. The coagulation rate in th
transition regime is typically determined using an
terpolation formula. Here we use a continuum me
approximation[56],

(13)Ċk = Ċ
g
k
Ċf

k

Ċ
g
k

+ Ċf
k

,

whereĊk is the coagulation rate for thekth soot mo-
ment andĊf

k
and Ċ

g
k

represent the coagulation rat
for thekth soot moment in the free molecular regim
and the gas-slip regime, respectively. As dictated
the size of the soot particles, the collision frequenc
the free molecular regime,βF, and the gas-slip regim
βG [56] are determined using the following relation

(14)βF(vi , vj ) = KF

(
1

vi
+ 1

vj

)0.5(
v

1/3
i

+ v
1/3
j

)2
,

βG(vi , vj ) = KG
(
v

1/3
i

+ v
1/3
j

)
(15)× (

C(vi)v
−1/3
i

+ C(vj )v
−1/3
j

)
.

In Eqs. (14) and (15), KF = (3/4π)1/6√
6kBT/ρ,

KG = 2(kBT/3µ), andC(v) = 1 + 1.257Kn, where
Kn is the Knudsen number.

2.5. Soot particle transport

Although soot transport does not play a role in
model optimization and validation studies presen
in the next section, the soot particle transport has b
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identified as a key component to accurate soot mo
ing in engine studies[34]. Therefore, a brief descrip
tion of the representation of the soot particle transp
is provided here. Additional details are provided
Hong [35]. The soot transport model is used in su
sequent engine simulation tests discussed in a
section of this work.

When soot particles are in the transition regi
between continuum and free molecular flow, ad
tional soot transport equations are required due to
velocity slip between the soot particles and the
medium. The soot particle transport equation is
pressed as

(16)
∂M̄k

∂t
+ �∇ · (�vM̄k

) = �∇(
D �∇M̄k

) ˙̄Sk,

where M̄k is the kth mean soot moment,�v is the
flow velocity vector,D is the sum of the turbulen
soot diffusivity and the diffusivity due to velocit

slip, and ˙̄Sk represents the various source and s
terms for thekth moment (e.g., nucleation, oxid
tion, etc.). The turbulent soot diffusivity depends
particle size and appropriate expressions for the
molecular and transition regimes are used[57]. Ther-
mophoretic forces on the soot particles are include
the soot transport modeling via calculation of a th
mophoretic velocity after the approach described
Hinds[55].

3. Model calibration

The following procedure was used to calibrate
soot model and to validate the model beyond the
ibration conditions. The experimental results of t
shock-tube study by Kellerer et al.[33] were used to
optimize the soot model in terms of three key param
ters: the correction factor,AC, used in the nucleatio
model (Eq.(10)), the rate coefficient of the surfac
reaction G3 (Table 1), and the size of the primar
soot particles. The optimization of these parame
was determined via a detailed sensitivity analysis
the soot model. Once the optimal values were
termined, the parameters were fixed at these va
for the remainder of the model validation and eng
studies.

In the shock-tube study by Kellerer et al.[33], time
histories of soot carbon yield (defined as the ratio
the total carbon present in the soot particles to
total carbon available in the mixture, Csoot/Ctotal),
soot number density, and mean soot particle diam
were determined for richn-heptane mixtures, highl
dilute in argon. These time-resolved measureme
are presented by Kellerer et al. for one set of exp
imental conditions (P = 25 MPa,T = 1750 K,[C] =
7.89 mol/m3, and φ = 5). As we found no othe
time-resolved soot data available in the literature
n-heptane, these conditions were used as the bas
optimizing the transient behavior of the soot mod
The temperature dependence of the soot model
calibrated using the overall measurements of s
yield presented in the same work. The soot yield m
surements were obtained at conditions 1.5 ms a
the passage of the reflected shock wave and the
sults span the temperature rangeT = 1600–2000 K
and three pressures (20, 40, and 80 MPa). For the
perature calibration of the soot model, only the res
of theP = 40 MPa conditions were used. A descr
tion of the sensitivity analysis, calibration procedu
and validation results follows.

The soot model and the gas-phase reaction m
anism were implemented in a homogeneous ex
sion problem configuration for the model calibrati
and validation. The initial conditions for the mixtu
composition were matched to the experimental in
data. Throughout the reaction progress, adiabatic
ditions with constant volume were assumed.

After numerous parametric studies, it was fou
that the rate coefficient for the surface reaction G
the size of the soot primary particles, and the nu
ation rate correction factorAC were the soot mode
characteristics that were both the most uncertain
exhibited the strongest influence on the soot mo
ing results at the calibration conditions. Although t
sensitivity analysis showed that results of chang
the values of these parameters are coupled, the ef
of the rate of the surface growth reaction G3 exh
ited the most dramatic influence on the tempera
dependence of the soot yield.

Fig. 1 shows the results of changing the preex
nential factor(AG3) for reaction G3 for the temper
ature range 1300–2100 K. Physically, increasing
value forAG3 reduces soot surface growth for exi
ing particles while simultaneously releasing acetyle
which can be used to nucleate new primary soot p
ticles. When the reaction was not included in the s
face mechanism(AG3 = 0), the overall soot yield wa
significantly higher than the experimental data and
maximum soot yield was obtained atT > 2200 K.
When the rate coefficient for G3 was set at the va
provided by Kitamura et al.[30] (AG3 = 3 × 1014),
the soot particles experienced such rapid elimina
of C2H2 and corresponding loss of surface grow
sites, that the overall soot yield was significan
lower than the experimental values. In addition,
AG3 = 3 × 1014, the maximum soot yield was ob
tained at a temperature lower than 1500 K. Based
the two limiting results and further parametric stu
ies, it was found that reducingAG3 by a factor of
0.01 (AG3 = 3 × 1012) resulted in reasonable qua
itative agreement with the experimental data in ter
of temperature dependence and acceptable qua
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t

Fig. 1. The effect of the soot surface reaction G3 on soot yield as a function of temperature (t = 1.5 ms,P = 4 MPa,AC = 0.01,
and a primary soot particle size of 32C).

Fig. 2. Comparison of the experimental results of Kellerer et al.[33] and the modeling results (AG3 = 3× 1012) of the presen
study for soot yield at conditions ofP = 2.5 MPa,T = 1750 K, [C] = 7.89 mol/m3, andφ = 5. Sensitivity of the modeling
results to the size of the primary soot particles is presented.
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tive agreement in terms of the overall soot yield (s
Fig. 1).

After the temperature dependence of the s
model was optimized for soot yield at 40 MPa, t
effects of the size of the primary soot particles
the quantitative agreement with the soot yield, s
number density, and soot particle-size time his
ries were investigated. The results are presente
Figs. 2–4, showing a comparison of the experimen
and predicted results for soot yield, average part
diameter, and soot number density as a function
time using the optimized value forAC (discussed
below) andkG3 for conditions of 25 MPa, 1750 K
[C] = 7.89 mol/m3, and an equivalence ratio,φ = 5.
In the figures,t = 0 s represents the start of the si
ulation and the time when the reflected shock w
passes the measurement point in the experime
Two primary soot particle sizes, 2C and 32C, w
considered.Figs. 2–4show that the predicted so
properties are in reasonable qualitative agreem
with the experimental data, reproducing the trans
response of the system quite well. The model res
also indicate there is a trade-off among the quan
tive agreement among the soot yield, the soot par
diameter, and the number density. For smaller prim
soot particles (2C), fewer soot monomers are requ
to form a primary soot particle. Consequently,
an equivalent number of monomers, the soot nu
ber density for the 2C model is larger than that for
32C model (seeFig. 4). Relative to the 32C mode
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age

oot
Fig. 3. Comparison of the experimental results of Kellerer et al.[33] and the modeling results of the present study for aver
soot particle diameter corresponding to the experimental and simulation conditions ofFig. 2.

Fig. 4. Comparison of the experimental results of Kellerer et al.[33] and the modeling results of the present study for s
number density corresponding to the experimental and simulation conditions ofFig. 2.
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the 2C model also results in a smaller average
ticle size due to the abundance of smaller partic
(seeFig. 3) and more soot surface area available
surface interactions. The quantitative agreement
tween the model predictions for soot yield and
experimental data is improved for the smaller 2C p
ticle size; however, this is at the expense of increa
discrepancies between the 2C model and experim
tal results for the average soot particle diameter
the soot number density. Overall, a primary soot pa
cle size of 32C was chosen in subsequent calculat
in favor of the physical basis for this primary par
cle size (i.e., representing the collision of two pyre
molecules) and as a compromise between the t
sient soot properties under the calibration conditio

The sensitivity of the nucleation submodel corre
tion factor, AC, on the quantitative agreement wi
the soot yield, soot number density, and soot parti
size time histories was also investigated. Increas
the correction factor increases the nucleation rat
the soot primary particles, which in turn yields an
crease in the number density of soot particles an
decrease in the average particle size. Similar to
effect of changing the size of the primary soot pa
cle, changingAC led to a trade-off in the agreeme
between the experimental and the modeling res
Specifically, increasing the correction factor led
improved quantitative agreement with the soot yie
but degraded the quantitative agreement with the a
age particle size and number density. Based on t
parametric tests,AC = 0.01 was found to be an opt
mal compromise. ChangingAC had a minor effect on
the temperature dependence of the soot model.

Fig. 5provides the overall performance of the so
model under the calibration conditions over a wid
range of temperatures. In the figure, the performa
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Fig. 5. Comparison of the performance of the current soot model and the soot model developed by Kitamura et al.[30]. The
experimental results of Kellerer et al.[58] are shown in the upper graph. The experimental results of Kellerer et al.[33] are
shown in the lower graph. (Upper graph) Benzene oxidation withφ = 5, Ar = 99.5%, andP = 3 MPa (Fig. 8 of Kitamura
et al.[30]). (Lower graph)n-Heptane oxidation withφ = 5, [C] = 5.8 mol/m3, andP = 4 MPa.
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of the current model using the optimized parame
(i.e.,AC = 0.01,AG3 = 3× 1012, and a primary par
ticle size of 32C) is compared with the performan
of the soot model developed by Kitamura et al.[30].
Note that the Kitamura model results for soot volu
fraction are compared with the experimental meas
ments of Kellerer et al.[58] obtained from benzen
oxidation shock-tube experiments. Benchmark res
from the Kitamura model for soot formation fromn-
heptane are not available. On an absolute basis
soot model developed in this study is in reasona
quantitative agreement with then-heptane shock-tub
studies, and the model predictions are within a fac
of 5 for temperatures less than 1900 K. In contra
the Kitamura model results differ by over an order
magnitude under some temperature conditions. B
models underpredict the soot levels relative to the
perimentally determined values.

4. Model validation

Having calibrated the soot model under the ben
mark conditions, the performance of the soot mo
for conditions outside the optimization bounds
considered next. For the following results, the s
model parameters were fixed under the optimi
conditions ofAC = 0.01, AG3 = 1 × 1012, and a
primary soot particle size of 32C. The simulati
and experimental results for soot yield for a ran
of temperatures and pressures of 2 and 8 MPa
shown in Fig. 6. The simulations correctly repro
duce the experimentally observed trend of increa
soot formation with increased pressure. The temp
ture dependence is also well produced; however,
maximum soot yield occurs at temperatures shif
to slightly higher temperatures (by approximate
100 K) than those observed experimentally. C
sistent with the results under the calibration co
ditions (4 MPa), the model underpredicts the s
yield. These results demonstrate that the calibra
soot model has the predictive capability to capt
the soot formation characteristics ofn-heptane com
bustion for a wide range of temperature and pres
conditions.

5. Engine simulation results

The calibrated soot model was integrated i
KIVA-3V engine simulations ofn-heptane combus
tion. The simulation conditions and engine geome
were selected to match the experimental configu
tion of a single-cylinder version of an Internation
4.5L V6 diesel engine equipped with a Siemens hi
pressure common-rail injection system. Details on
engine testing facility, the KIVA input parameter
and the other submodels (such as the spray and c
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redictions
does not

the effect
Fig. 6. Comparison of the results of the optimized soot model with the experimental results of Kellerer et al.[33] for soot yield
as a function of pressure and temperature for conditions ofP = 2 and 8 MPa,[C] = 5.8 mol/m3, andφ = 5.

(a) Start of injection vs EGR (b) Speed vs equivalence ratio

Fig. 7. Engine operating conditions considered for comparison of experimental soot measurements and numerical p
for soot emissions. Here, the equivalence ratio is defined based on the fuel-to-air ratio in the fresh-air charge only, and
include the effect of EGR addition.

Table 2
Engine simulation conditions

Case SOI (◦ ATDC) EGR (%, mass basis) Speed (rpm) φa

1 −11.1 26.90 1500 0.75
2 −7.0 25.00 1500 0.74
3 −3.4 25.77 1500 0.74
4 2.1 25.85 1500 0.73
5 2.4 16.41 1500 0.62

a Here, the equivalence ratio is defined based on the fuel-to-air ratio in the fresh-air charge only and does not include
of EGR addition.
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bustion models) are provided in Hong et al.[59–61].
The simulation conditions studied were selec
based on conditions that are frequently encountere
the Federal Testing Procedure defined by the Un
States Environmental Protection Agency for meas
ing emissions for a mid-size truck[62]. The specific
cases considered in terms of exhaust gas recircula
(EGR) loadings, injection timing, engine speed, a
overall equivalence ratio are shown inFig. 7 andTa-
ble 2. For this work, all simulations were conduct
at the same engine speed (1500 rpm), while the E
loading, equivalence ratio, and start of injection w
varied. These engine settings include the conditi
that are the highest contributors to the soot emiss
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s 2 and 4.
Case 2

Case 4

Fig. 8. Comparison of experimental and predicted results for pressure as a function of crank angle degree (CA) for Case
id-
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for the engine considered when configured in a m
sized truck.

For the engine simulations, the diesel combust
is represented by a newly developed model whic
based on a modified eddy dissipation concept (ED
Briefly, the modified EDC model allows for more r
alistic representation of the thin subgrid scale re
tion zone as well as the small-scale molecular m
ing processes. A detailed description of the modifi
EDC modeling approach can be found in Hong et
[59,61]. The soot model is directly integrated into th
modified KIVA 3V program, with no changes to an
of the submodel (e.g., soot, NOx, or EDC combus-
tion) parameters. The soot calculations are mad
a manner similar to the NOx emissions calculations
as a postprocessing procedure after the EDC calc
tions are completed at each time step.

The engine simulation results for pressure
compared with the experimental data for two rep
sentative conditions (Cases 2 and 4) inFig. 8. The
net apparent heat release rates corresponding to
conditions can be found in Hong et al.[59]. Cases 2
and 4 are indicative of operating conditions with ve
distinct ignition profiles due primarily to the differen
injection timings (−7.0◦ ATDC for Case 2 and 2.1◦
ATDC for Case 4). As seen inFig. 8, the model pre-
dictions are in good agreement with the experime
data for both test cases. Details of the modified E
combustion model and a comparison of measured
predicted cycle pressures and heat release rates o
wide range of conditions can be found in Hong et
[59,61].

Fig. 9presents simulation results for the soot v
ume fraction with the corresponding temperature c
tours and velocity vectors as a function of crank an
for conditions defined by Case 2. The simulation
sults for the soot number density with overlays of
O2 contours are also provided inFig. 9. The fuel spray
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injection
ature
.
he figure
Fig. 9. Instantaneous simulation results as a function of crank angle obtained for Case 2 operating conditions (start of
= −7◦ ATDC, 1500 rpm, EGR= 25%,φ = 0.74). The column on the left provides soot volume fraction data with temper
contour and velocity vector overlays. The column on the right provides soot number density data with O2 contour overlays
The modeling results were obtained using the optimized input parameters. The scales provided on the far right of t
apply to all images inFig. 9, where sm0= soot number density [1/cm3], sm1= soot volume fraction [dimensionless], temp=
temperature [K], o2= O2 mass concentration [g/cm3].
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motion imparts momentum to the surrounding cha
in the cylinder, while the upward movement of t
piston amplifies the angular momentum of the flu
near top dead center (TDC). As seen in the figure
the left column ofFig. 9, the interaction of the two
flows induces a vortex motion in the clockwise dire
tion. The vortex flow drives the soot particles alo
the piston bowl surface, and the particles grow a
oxidize during transport.

In addition to the clockwise vortex flow, flow to
ward the squish region is an important motion in
cylinder affecting the soot formation, growth, and o
idation processes. As seen inFig. 9, as the piston
moves downward, the soot cloud is divided into t
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f injection
ature

ure apply
Fig. 10. Instantaneous simulation results as a function of crank angle obtained for Case 4 operating conditions (start o
= 2.4◦ ATDC, 1500 rpm, EGR= 26%,φ = 0.73). The column on the left provides soot volume fraction data with temper
contour and velocity vector overlays. The column on the right provides soot number density data with O2 contour overlays. The
modeling results were obtained using the optimized input parameters. The scales provided on the far right of the fig
to all images inFig. 10, where sm0= soot number density [1/cm3], sm1 = soot volume fraction [dimensionless], temp=
temperature [K], o2= O2 mass concentration [g/cm3].
tex
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sections; one is transported by the clockwise vor
flow and the other is transported by the flow moti
toward the squish region. Initially, comparable so
volume fractions are predicted in the squish and b
regions of the cylinder. At later crank angles, ho
ever, the oxidation process is slow in the squish reg
and higher soot volume fractions exist in the squ
region compared to the bowl region (Fig. 9d).
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aximum
aximum
Fig. 11. Comparison of experimental and predicted soot emissions. All “experiment” data are normalized by the m
experimental value of soot mass measured for Case 3 conditions, and all “prediction” data are normalized by the m
predicted value for soot mass calculated for Case 3 conditions.
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Fig. 10presents simulation results for conditio
corresponding to a later injection timing (Case
compared to theFig. 9simulation results (Case 2). Fo
the late injection, high soot volume fractions are p
dicted at later crank angles (seeFig. 10, CA = 22.5◦
ATDC). The general features of the Case 4 simulat
results are similar to the early injection timing resu
with two regions of high soot number density affect
by the vortex and squish flow motions. An importa
difference between the results is the smaller regio
high temperatures identified in the late injection ti
ing conditions (Figs. 10b and 10c). This is a key re-
sult, asFigs. 9 and 10show that the high-temperatu
regions (shown as contour overlays) always bound
regions of high soot volume fraction. Although n
shown for clarity, the OH contours also exhibit simil
characteristics, i.e., high OH levels bound the regi
of high soot loadings. This result is in good qua
tative agreement with the experimental investigat
by Dec and Tree[63], who also found that regions o
high soot levels were enveloped by clouds of high O
levels.

As an indication of the computational costs asso
ated with this comprehensive level of soot modeli
the simulation results shown inFig. 9 required ap-
proximately 4–5 days of computational time usi
a Linux system, Intel Pentium 4 2.8 GHz proces
with 1 GB of RAM. Thus, parametric studies can
conducted in a reasonable amount of time. In t
work, the overall soot emissions (soot mass per
cle) were examined for a range of injection timin
(−11–2.5◦ ATDC) and two exhaust gas recirculatio
(EGR) levels (16, 26–27%) levels. Predictions of
general combustion characteristics such as cylin
pressure and heat release agreed very well with
experimental engine data for these parametric stu
(for details, see Hong et al.[59,61]).

In Fig. 11, simulation and experimental results f
the particulate emissions are summarized. The ex
imental soot measurements are presented as no
ized soot mass based on the measured AVL sm
number, where the AVL correlation for convertin
smoke number to soot mass concentration has b
used [64]. The simulation results are in excelle
agreement with the qualitative trends observed in
diesel engine study, demonstrating the predictive
pability of the soot model in full-cycle engine simul
tions.

The results of more extensive engine simulatio
and comparisons with experimental data can be fo
in Hong et al.[61]. This work includes additional en
gine operating conditions and soot and NOx emission
data. Explanation of observed trends for the eng
studies can also be found in Hong et al.[61].

6. Conclusions

The present work is an advance in modeling s
formation within the framework of widely used e
gine simulations, such as KIVA-3V, using more re
istic physical and chemical bases. The level of e
piricism used in the model is significantly reduc
from that of previous engine soot modeling studi
while simultaneously maintaining reasonable co
putational costs. The soot modeling approach sh
good ability to reproduce the transient features
served in shock-tube time histories of richn-heptane
mixtures of soot carbon yield, particle diameter, a
number density. This ability to accurately model tra
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sient soot phenomena is critical for engine simu
tions, as demonstrated by the crank-angle-reso
data presented in this work. The model also rep
duces the experimentally observed trends for s
yield in shock-tube studies as a function of temp
ature and pressure. The quantitative agreement
tween the optimized soot model is substantially i
proved over the previous breakthrough work by Ki
mura et al.[30], which uses a similar soot modelin
approach.

Application of the soot model to engine simul
tion studies has been successfully demonstrated
comparisons of the computational predictions for n
malized soot mass are in excellent agreement w
experimentally observed trends in smoke numb
The engine simulation results also confirm the c
ical need to accurately account for particle transp
in soot modeling studies. Because the soot mode
based on the fundamental phenomena importan
soot formation, this model has considerable poten
as a powerful new tool to lend insight into the phy
cal and chemical mechanisms limiting soot emissi
in diesel engines.
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