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A B S T R A C T

In this study, large eddy simulations, coupled a two-equation soot model, are performed to investigate the
effects of ambient carbon dioxide (CO2) and water (H2O) additions on the soot formation and oxidation
processes in an n-dodecane spray flame. In the soot model, acetylene (C2H2) is soot precursor and surface
growth species, while hydroxyl radical (OH) and oxygen (O2) are soot oxidizers. The effect of ambient CO2
and H2O additions on soot formation/oxidation can be separated into thermal and chemical effects. For the
thermal effects, the ambient CO2 and H2O additions increase C2H2 but reduce OH formation by lowering
the flame temperature. This leads to a higher soot mass formed. On the contrary to the thermal effects,
the ambient CO2 and H2O additions reduce the soot formation due to their chemical effects. The reaction
CH2

∗ + CO2 ↔ CH2O + CO is found to be responsible for reducing C2H2 formation. The ambient H2O addition
results in a higher OH but lower the C2H2 mass formed owing to the reverse reactions H2 + OH ↔ H2O + H
and OH+OH ↔ H2O+O. Furthermore, the chemical effects is more significant than the thermal effects under
the tested conditions. This leads to a lower soot mass formed when adding ambient CO2 and H2O.
1. Introduction

Exhaust gas recirculation (EGR) has been developed to reduce the
nitrogen oxides in diesel engines for the last decades [1,2]. Recent
researches have shown that the components of EGR, i.e., carbon diox-
ide (CO2) and water (H2O), have significant influence on the soot
formation processes [3,4]. Hence, it is fundamentally and practically
important to further understand the effects of these EGR components
on soot formation processes.

A great number of studies have been carried out to investigate the
effect of ambient CO2 on soot formation [5–12]. Oh et al. [4] experi-
mentally observed that the ambient CO2 addition leads to a reduction
of the soot volume fraction (SVF) and soot particle size in a co-flow
diffusion flame. A numerical study with respect to the effects of ambient
CO2 addition on the soot formation in a ethylene (C2H4) diffusion
flame was conducted by Guo et al. [6], in which they proposed that
the soot suppression effects due to the ambient CO2 addition is mainly
attributed by three mechanisms: dilution, thermal, and chemical. There
has been a consensus that these three mechanisms are responsible for
the effects of ambient CO2 addition on soot formation processes [4,5,
13,14]. However, debates on the nature of the effects of ambient CO2

∗ Corresponding author.
E-mail address: jcong@mek.dtu.dk (J.C. Ong).

addition on soot suppression still exist. Liu et al. [5] and Guo et al. [6]
found that the underlying mechanism behind the soot reducing by
the ambient CO2 addition is through inhibiting the soot inception and
surface growth rates, instead of promoting the oxidation processes in
a laminar C2H4 diffusion flame. The primary reaction, CO2 + H ↔

CO + OH, was shown to be responsible for the suppression of soot
inception and surface growth. The addition of CO2 consumes H radicals
through this reaction. The reduction in the concentration of H radicals
decreases the formation rate of active sites in hydrogen-abstraction-
C2H2-addition (HACA) mechanism [6]. This in turn decreases the rates
of polycyclic aromatic hydrocarbon (PAH), a soot precursor for incep-
tion and surface growth. Naseri et al. [11] investigated the influence
of ambient CO2 addition on the soot behavior in a premixed laminar
C2H4 flame. Their results also showed that the ambient CO2 addition
reduces the soot inception and surface growth rates by lowering the
concentrations of H radicals, acetylene (C2H2) and PAH. The sensitivity
analysis suggested that the decrease in concentrations of these species
stems from the reaction, CO2 + CH2

∗ ↔ CH2O+ CO, where CH2* is the
activated methylene. On the other hand, Mclintock et al. [15] found
that the soot suppression by the ambient CO2 addition is due to the
016-2361/© 2021 The Authors. Published by Elsevier Ltd. This is an open access ar
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increased soot oxidation by enhancing hydroxyl radicals (OH) concen-
trations. Liu et al. [8] and Tang et al. [10] carried out numerical studies
of soot formation in a laminar premixed and diffusion C2H4 flames,
n which they found that the ambient CO2 addition inhibits the soot
nception and surface growth processes by lowering the concentration
f C2H2, but enhances the oxidation by increasing the concentration of
H. The chemical effect of ambient CO2 addition were attributed by

he reactions CO2 + H ↔ CO + OH and CO2 + CH ↔ CO + HCO.
There are a few studies reported with respect to the influence of

mbient H2O addition on soot formation processes [16–18]. Richard
t al. [16] experimentally investigated the chemical and physical effects
f ambient H2O addition on soot formation in diffusion flames. They
bserved a decrease in the soot mass with increasing ambient H2O
ddition. In the numerical study performed by Liu et al. [17] who
nvestigated the effects of ambient H2O addition on soot formation
n a laminar C2H4 diffusion flame, the SVF was found to decrease
ith the ambient H2O addition. They concluded that soot inception

s inhibited by lowering the concentrations of H radicals and PAH.
eactions, H2 + OH ↔ H + H2O and OH + OH ↔ O + H2O, were found

o be responsible for the chemical effect of ambient H2O addition.
It should be noted that the operating conditions of the aforemen-

ioned studies were only focused on the atmospheric pressures and tem-
eratures. However, diesel engines operate at very high temperature
nd pressure conditions. Patel et al. [3] experimentally investigated
he effects of EGR compositions on soot formation under the Engine
ombustion Network (ECN) Spray A conditions, where the ambient
emperature of 900K and pressure of 60.5 bar are used to mimic engine-
ike conditions. They found that the ambient CO2 and H2O additions
uppress the soot formation and supported their findings based on the
tudies under the atmospheric operating conditions. Detailed informa-
ion about the distribution of the soot-related species is limited as
ompared to experiments performed at atmospheric conditions. Hence,
t is not clear whether the governing mechanisms and conclusions from
hose studies conducted at the atmospheric operating conditions can be
rojected to the engine-like conditions. Set against these backgrounds,
he goal of the present study is to gain a better understanding of
he mechanisms behind the soot suppression caused by the ambient
O2 and H2O additions under the engine-like conditions. The goal is
chieved by performing large eddy simulations (LES) of Spray A with
ifferent concentrations of ambient CO2 and H2O at the fixed ambient
emperature of 900K and O2 level of 15%.

The paper is organized as follows: Description of the simulated cases
re provided in Section 2. The numerical methods including spray, gas
hase, and soot models are described in Section 3. Validation of the
odel and discussion on the effects of ambient CO2 and H2O additions

n soot formation are presented in Section 4. A concluding remark is
ighlighted in the last section.

. Targeted spray setup

The present numerical studies are based on the New One Shot
ngine (NOSE) setup [3], where the operating conditions correspond-
ng to the ECN Spray A are attainable. NOSE is a rapid compression
achine (RCM) with optical access, which is able to prevent the

eneration of preburn combustion species as in the constant volume
reburn chamber (CVPC). A 4-stroke low-speed diesel engine was used
nd its original cylinder head was replaced by a dedicated chamber
o provide a sufficient field of view and enable optical measurements
rom four quartz windows. The chamber is a cuboid with the volume
f 240 cm3 (44mm × 44mm × 124mm). The injector is mounted at the
enter of the chamber head. The engine is driven with a high power
lectric direct current motor which can achieve an accurate speed of
iston movement. Detailed descriptions of the NOSE can be found
n [3,19]. For brevity, the main parameters of injection conditions
or the ECN Spray A are summarized here. The n-dodecane fuel with

temperature of 900K and density of 713 kg∕m3 is injected to the
2

Table 1
Ambient compositions (% mol) in the simulation cases.

Case O2 N2 CO2 XCO2 H2O XH2O

1 15 75.15 6.22 0.00 3.63 0.00
2 15 85.00 0.00 0.00 0.00 0.00
3 15 75.15 0.00 6.22 0.00 3.63
4 15 80.50 4.50 0.00 0.00 0.00
5 15 80.50 0.00 4.50 0.00 0.00
6 15 81.00 0.00 0.00 4.00 0.00
7 15 81.00 0.00 0.00 0.00 4.00

chamber through a injector nozzle with the nominal diameter of 90 μm.
The injection pressure, mass flow rate, injection duration, and half of
cone angle are set to 150MPa, 2.295 g∕s, 3.2ms, and 5.5◦, respectively.
even simulations are performed at different ambient compositions at
fixed ambient temperature of 900K and pressure of 60.5 bar are listed

in Table 1. Fictitious species of XCO2 and XH2O are introduced for CO2
and H2O, respectively. These fictitious species have the same thermal
properties as their chemical counterparts, but they are chemically inert.
The XCO2 and XH2O additions affect the soot formation only through
the same thermal effect resulting from the CO2 and H2O additions,
without bringing any chemical effects. With this approach, the thermal
and chemical effects on soot formation can be separated (cf. Cases 1
to 3). Furthermore, the effects of ambient CO2 and H2O additions on
soot formation are investigated by conducting Cases 4 and 5 (CO2 effect
only) as well as Cases 6 and 7 (H2O effect only), respectively.

3. Model framework

The simulation works are carried out using OpenFOAM-v1712
where the motion of liquid phase is modeled in a Lagrangian frame-
work, while the gas phase flow and combustion processes are modeled
in an Eulerian framework [20].

3.1. Spray model

The Lagrangian particle tracking approach is adopted to model the
motion of the liquid fuel droplets. The Rosin–Rammler size distribu-
tion is adopted to describe the results from the primary break-up of
droplets [21]. The maximum droplet size is restricted to the diameter
of injector nozzle. The mean and minimum droplet sizes are set to 70%
and 10% of the diameter of the injector nozzle, respectively [21,22].
The secondary break-up of droplets is modeled by Reitz–Diwakar model
with a stripping breakup constant of 10 [23]. The Frossling model and
Ranz–Marshall method are used to calculate the liquid evaporation and
heat transfer between the gas and liquid phases [24,25].

3.2. Gas phase model

In the present study, the gas flow field is obtained from numerical
solution of the filtered compressible Navier–Stokes equations [26,27].
The sub-grid-scale stress is modeled by a one-equation dynamic struc-
ture LES model [27]. A reduced chemical mechanism with 54 species
and 269 reactions developed by Yao et al. [28] is implemented to model
the pyrolysis of the n-dodecane fuel. The well-stirred reactor (WSR)
model is implemented as the combustion model, in which the mix-
ture is assumed to be homogeneous in each computational cell. This
model has been frequently used in spray ignition simulations with
acceptable accuracy [29,30]. Chishty et al. [24] compared the soot
formation for n-dodecane spray using transported probability density
function (TPDF) and WSR models under the URANS framework, in
which they found that the TPDF model is shown to have limited effects
on soot production. While the importance of TCI in simulating soot
prediction in diesel spray flames under the LES framework needs to be
evaluated [31], the LES-WSR model performs reasonably well for the
current test conditions [32]. The chemistry coordinate mapping (CCM)
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Table 2
The soot sub-models adopted from [32].

Physical processes [units] Mathematical expressions

Inception [mole/(m3⋅s)] 𝜔𝑖𝑛𝑐 = 10000 exp
(

21000
𝑇

)

[C2H2]

Surface growth [mole/(m3⋅s)] 𝜔𝑠𝑔 = 45(𝑝∕𝑝𝑟𝑒𝑓 )1.4 exp
(

12100
𝑇

)

𝑆𝑠𝑜𝑜𝑡
0.5[C2H2]

Coagulation [1/(m3⋅s)] 𝜔𝑐𝑜𝑔 = 3
(

24𝑘𝐵𝑇
𝜌𝑠𝑜𝑜𝑡

)0.5 ( 6𝑀𝑠𝑜𝑜𝑡

𝜋𝜌𝑠𝑜𝑜𝑡

)
1
6 𝑁𝑠𝑜𝑜𝑡

11
6

Oxidation via OH [mole/(m3⋅s)] 𝜔𝑂𝐻 = 1.146𝑇 0.5𝑆𝑠𝑜𝑜𝑡
0.5[OH]

Oxidation via O2 [mole/(m3⋅s)] 𝜔𝑂2
= 10000𝑇 0.5 exp

(

19778
𝑇

)

𝑆𝑠𝑜𝑜𝑡
0.5[OH]

approach is implemented to improve the computation efficiency in
integrating the source terms in the elementary reaction and energy
equations. Detailed implementations and theories of CCM are available
in [33–35].

3.3. Soot model

In the present study, one-way coupling between soot and gas phase
is considered, which has been widely used in many studies [24,36,
37]. A two-equation soot model, which considers soot inception, co-
agulation, surface growth as well as oxidation via OH and O2, is
incorporated into the flow solver [25] to model the soot processes. This
two-equation soot model has been widely used in many studies [24,38,
39]. In this model two transport equations are solved for the soot mass
fraction (𝑌𝑠𝑜𝑜𝑡) and soot particle number density (𝜙𝑁 ),

𝜕
𝜕𝑡
(𝜌𝑌𝑠𝑜𝑜𝑡) +

𝜕
𝜕𝑥𝑗

(𝜌𝑢𝑗𝑌𝑠𝑜𝑜𝑡) =
𝜕
𝜕𝑥𝑗

(

𝜇𝑡
𝑆𝑐𝑡

𝜕𝑌𝑠𝑜𝑜𝑡
𝜕𝑥𝑗

)

+
𝑑𝑀𝑠𝑜𝑜𝑡
𝑑𝑡

(1)

𝜕
𝜕𝑡
(𝜌𝜙𝑁 ) + 𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝜙𝑁 ) = 𝜕

𝜕𝑥𝑗

(

𝜇𝑡
𝑆𝑐𝑡

𝜕𝜙𝑁
𝜕𝑥𝑗

)

+ 1
𝑁𝐴

𝑑𝑁𝑠𝑜𝑜𝑡
𝑑𝑡

(2)

where 𝜌, 𝑢𝑗 , 𝜇𝑡, and 𝑆𝑐𝑡 denote the spatially filtered fluid density,
flow velocity, turbulent viscosity, and turbulent Schmidt number, re-
spectively. The laminar Schmidt number for soot particle is very high,
resulting in a very small molecular diffusivity. In addition, the turbulent
diffusivity is much higher than the molecular diffusivity in the spray
flame. Hence, the molecular diffusion coefficient of soot particles is set
to zero and only turbulent diffusivity ( 𝜇𝑡

𝑆𝑐𝑡
) is considered. The turbulent

chmidt number is set to 0.7. The value of Avogadro number is 𝑁𝐴 =
.022045 × 1023 mol−1.

The source terms ( 𝑑𝑀𝑠𝑜𝑜𝑡
𝑑𝑡 and 𝑑𝑁𝑠𝑜𝑜𝑡

𝑑𝑡 ) denote the net soot mass and
particle number production rates, respectively. Their expressions are
written as follows,
𝑑𝑀𝑠𝑜𝑜𝑡
𝑑𝑡

=𝑀𝑊𝑐

(

100𝜔𝑖𝑛𝑐 + 2𝜔𝑠𝑔 − 𝜔𝑂𝐻 − 𝜔𝑂2

)

(3)

𝑑𝑁𝑠𝑜𝑜𝑡
𝑑𝑡

= 𝑁𝐴𝜔𝑖𝑛𝑐 − 𝜔𝑐𝑜𝑎𝑔 (4)

here 𝑀𝑊𝑐 is the molecular weight of carbon atom. Each incipient
oot particle is assumed to contain 100 carbon atoms [40]. The first
o fourth terms on the right hand of Eq. (3) represent the sub-model
eaction rates of inception, surface growth as well as oxidation via OH
nd O2. 𝜔𝑐𝑜𝑎𝑔 denotes the coagulation rate of soot particles.

The formulations of all soot sub-model reaction rates are listed in
able 2. Therein, 𝑃 , 𝑃𝑟𝑒𝑓 , 𝑇 , and 𝑆𝑠𝑜𝑜𝑡 denote the gas pressure, atmo-
pheric pressure, gas temperature, and soot specific surface area, re-
pectively. It should be noted that the sub-model constants are adopted
rom the previous study [32]. The soot density (𝜌𝑠𝑜𝑜𝑡) and Boltzmann’s
onstant (𝑘𝐵) are 2000 kg∕m3 and 1.38054 ×10−23 J∕K, respectively. The
VF is calculated from 𝑌𝑠𝑜𝑜𝑡 and is expressed as follows,

VF =
𝜌𝑌𝑠𝑜𝑜𝑡
𝜌𝑠𝑜𝑜𝑡

(5)
3

s

Fig. 1. Comparison of the simulated and measured liquid and vapor penetration
lengths (LPL and VPL) [19] after start of injection (ASOI). Dashed line denotes the
time averaged LPL from 0.1ms to 2.0ms.

.4. Computational domain and numerical schemes

The computational domain is a cuboid with the volume of 0.241
iter (44mm × 44mm × 124mm), corresponding to the NOSE chamber.

uniform mesh with size of 0.25mm is implemented to cover the
pray region. In order to solve the high gradient of velocity in the
iquid region, a finer mesh of 0.125mm is employed to cover the space
etween the nozzle and 15mm downstream location. In addition, a
oarser mesh is employed outside of the spray region. Although the
hamber dimensions of the NOSE and CVPC are different, the mesh
esolutions within the liquid and spray regions for the NOSE are the
ame as those used for the CVPC in the authors’ previous study [32],
here the detailed descriptions of mesh configurations and resolution

ensitivity are available. The computational time step is set to 50 ns.
oth time and space are discretized using second-order schemes.

. Results and discussion

.1. Model validations

.1.1. Inert spray validation
The model performance is first validated by comparing the exper-

mental and simulated non-reacting spray characteristics with a focus
n liquid penetration length (LPL) and vapor penetration length (VPL).
n the present study, the LPL is defined as the maximum axial distance
rom the nozzle to the downstream location with the liquid fuel mass
eaching 95% of its total instantaneous value [41], while the VPL is de-
ined as the axial distance from the nozzle to the downstream location
here 0.1% fuel mass fraction is observed [42]. Fig. 1 shows a compar-

son of the measured and simulated LPLs and VPLs. It should be noted
hat the measured data is the quasi-steady value ensemble-averaged
rom 12 repeatable experimental tests [19], while the simulated data
s from a single realization. As depicted in Fig. 1, both the simulated
PL and VPL show reasonable agreements with their corresponding
easured values [19]. A slight difference between the measured and

imulated values of LPL can be attributed to the uncertainty of liq-
id spreading angle (half angle) between simulation and experiment.
anin et al. [43] and Payri et al. [44] experimentally measured this

ngle at quasi-steady state (QSS) to be 5.5◦ and 10◦, respectively. It
s expected that the simulated LPL decreases and approaches to the
easured LPL as the liquid spreading angle increases from 5.5◦ to 10.0◦.
evertheless, the relative error of LPL is less than 20%, when the liquid

◦
preading angle of 5.5 is used in the present study.
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Table 3
Comparisons of the experimental [3] and simulated lift-off
lengths.

Case Experiment (mm) Simulation (mm)

1 17.3 19.2
2 17.6 18.6
3 N/A 17.8
4 18.2 18.6
5 N/A 20.0
6 17.4 19.4
7 N/A 19.5

Note: N/A denotes that the experimental data in these cases
are not available.

4.1.2. Reacting spray validation
The reacting spray characteristics in terms of ignition delay

time (IDT) and lift-off length (LOL) are then assessed by comparing
experimental and simulated data. In the present study, the IDT, as
recommended by the ECN [41,45], is defined as the time when the
maximum rate of change of the maximum temperature is observed.
The LOL, as suggested by the ECN [41,46], is defined as the shortest
distance from the injector nozzle to the downstream location with
the OH mass fraction reaching 2% of its maximum value after the
stabilization of flame. The IDT measurements for Cases 2 to 7 are
not available. Hence, only the simulated IDT (0.31ms) for Case 1 is
ompared against the measured IDT (0.40ms) [19]. The relative error

is within 22%. The simulated IDTs for other 6 cases vary from 0.30ms
o 0.32ms, showing that the ambient CO2 and H2O additions have less
nfluence on the IDT. A comparison of the predicted and measured LOLs
re listed in Table 3. The experimental LOLs are ensemble-averaged
rom 10 repetitive tests [3], while the simulated LOLs are obtained by
erforming the time-average (0.35ms to 3ms) and ensemble-average
rom 3 different realizations. The reason for the choice of 3 realizations
s presented later in Section 4.1.3. The predicted LOLs show good agree-
ents with the experimental data in all cases [3]. Besides that, one can

lso see that the ambient CO2 and H2O additions have insignificant
ffects on the LOL.

.1.3. Soot validations
The soot evolution under different ambient CO2 and H2O addi-

ions are assessed by comparing the measured and simulated temporal
oot mass. It should be noted that only the soot within the field of
iew (from injector nozzle to 61mm downstream location) is measured
n the experiment [3]. Hence, the same field of view is implemented in
he current LES to calculate the simulated soot mass and other specie
calars. Fig. 2(a) illustrates the temporal evolution of the soot mass for
4

he 5 individual realizations in Case 1. It is apparent that the soot mass
efore 1.2ms almost coincides with each other for different realizations.
his is similar to the conclusion reported by Pei et al. [31], where
hey carried out different realizations only before 1.0ms ASOI under
he ECN Spray A conditions. However, the soot mass from different
ealizations significantly varies during the quasi-steady state (QSS).
his demonstrates that one single realization may not be sufficient to
ompare the amount of soot mass between different cases during the
SS. Fig. 2(b) depicts the temporal evolution of ensemble-averaged

oot mass based on different number of realizations (N). It is obvious
hat the fluctuations still exist during the QSS. Considering that the
resent study is focused on comparing the soot mass during the QSS,
he time average of the ensemble-averaged soot mass during the QSS is
sed to determine the minimum realizations required in the comparison
f soot mass size between different cases. As shown in Fig. 2(b), the
ime average of ensemble-averaged soot mass from 2.0ms to 3.4ms are
epresented by dashed lines. One can see that the time-averaged values
tart to converge after 3 realizations. Although the convergence is not
onotonic as N = 5, the difference between N = 3 and N = 5 is rather

mall (around 1 μg, cf. Fig. 2(c)). Such a small difference is not expected
o vary the conclusion when comparing the soot mass during the QSS
etween different cases. It should however be noted that the sequence
f averaging 3 realizations may make a difference. Fig. 2(c) shows the
ime average of ensemble-averaged soot mass obtained from different
ombinations of N = 3 for Case 1. The maximum difference of the
ime average of ensemble-averaged soot mass is around 3 μg, which
s smaller than the soot reduction due to the thermal/chemical effects
f H2O/CO2 additions by at least a factor of 2 (cf. Sections 4.2 and
.3). In other words, the soot reduction is not due to the uncertainties
rom different combinations of N = 3. Furthermore, the main purpose
f the present study is to find out the mechanisms which are responsible
or the soot reduction instead of quantifying the magnitude of soot
eduction due to H2O and CO2 additions. Therefore, the use of 3 dif-

ferent realizations for the subsequent ensemble-averaged calculations
is deemed sufficient.

Fig. 3 compares the temporal evolution of the ensemble-averaged
simulated and measured soot mass in Cases 1, 4, and 6. Both measured
and simulated results of Case 2 where there is no ambient CO2 and
H2O are also included in each sub-figure for comparison. It should
be noted that the experimental results are ensemble averaged from
ten different realizations, whereas the simulation results are ensemble-
averaged from 3 different realizations. Although the predicted soot
mass drop due to the ambient CO2 and H2O additions is less than that
in the experiments, the current LES model coupled with the reduced
n-dodecane mechanism and two-equation soot model is able to capture
the soot suppression effect due to both the ambient CO2 and H2O
additions. In addition to the soot evolution, it is also important to
examine the soot distribution. Fig. 4 shows a comparison of measured
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Fig. 3. Comparison of temporal evolution of the ensemble-averaged simulated and measured soot mass for Case 1 (6.22% CO2, 3.63% H2O, 15% O2, 75.15% N2), Case 2 (0%
CO2, 0% H2O, 15% O2, 85% N2), Case 4 (4.50% CO2, 0% H2O, 15% O2, 80.5% N2) and Case 6 (0% CO2, 4% H2O, 15% O2, 81% N2) after start of injection (ASOI).
Fig. 4. Comparison of the temporal evolution of the measured soot optical thickness (KL) and simulated soot volume fraction (SVF) at two different time instances (1.2ms and
1.60ms) for Case 1 (6.22% CO2, 3.63% H2O, 15% O2, 75.15% N2) and Case 2 (0% CO2, 0% H2O, 15% O2, 85% N2).
soot optical thickness (KL) and simulated SVF for Cases 1 and 2 at two
different time instances (1.2ms and 1.6ms). The realization numbers
used for the ensemble average are the same as that used in Fig. 2.
As shown in Fig. 4, the penetration of SVF and the evolution of soot-
containing regions are well captured by the present LES model. Overall,
Figs. 3 and 4 collectively demonstrate that the present model is able
to capture the soot formation process well under different ambient
compositions.

4.2. Thermal effects

As mentioned earlier, the effects of ambient CO2 and H2O ad-
ditions on soot formation is mainly due to dilution, thermal, and
chemical mechanisms [6,13,14]. Since the ambient O2 level is fixed
at 15% on molar basis for different cases, the dilution effect can be
disregarded. Fig. 5 shows a comparison of temporal evolution of the
ensemble-averaged soot mass for Case 1 (6.22% CO2, 3.63% H2O, 15%
O2, 75.15% N2), Case 2 (0% CO2, 0% H2O, 15% O2, 85% N2), and
Case 3 (6.22% XCO2, 3.63% XH2O, 15% O2, 75.15% N2). The dashed
lines represent the time-averaged soot mass from 2.0ms to 3.4ms. It is
5

apparent that the soot formation is affected by both the thermal and
chemical effects. The results does not agree with the findings in [11],
where the thermal effect only has minor influence on the soot formation
in a premixed laminar flame under atmospheric condition. Hence, it
is suggested that the thermal effects on soot formation become more
significant under the engine-like conditions. As shown in Fig. 5, the
soot mass is promoted by the thermal effect instead of being suppressed.
Since the ambient CO2 and H2O have the similar thermal properties,
their thermal effects on soot formation are expected to be similar.
Therefore, the combined thermal effects of ambient CO2 and H2O
additions on soot formation is studied in this section. The chemical
effects of ambient CO2 and H2O will then be discussed in Section 4.3.

To further understand the thermal effects of ambient CO2 and H2O
additions, the mean flame temperatures in Cases 2 and 3 as function of
the equivalence ratio (𝜓) at 2.5ms ASOI are shown in Fig. 6. It should
be noted that only the cells with the flame temperature greater than
1400K are considered. One can see that the mean flame temperature at
the fuel-rich side in Case 2 is higher than that in Case 3. Similar finding
can be observed at other time instances after the flame stabilizes. The
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Fig. 5. Comparison of temporal ensemble-averaged soot mass evolution in Case
1 (6.22% CO2, 3.63% H2O, 15% O2, 75.15% N2), Case 2 (0% CO2, 0% H2O, 15%

2, 85% N2), and Case 3 (6.22% XCO2, 3.63% XH2O, 15% O2, 75.15% N2) after start
of injection (ASOI).

Fig. 6. Comparison of mean flame temperature as function of equivalence ratio
between Case 2 (0% CO2, 0% H2O, 15% O2, 85% N2) and Case 3 (6.22% XCO2,
3.63% XH2O, 15% O2, 75.15% N2) at 1.0ms after start of injection (ASOI).

higher mean flame temperature in Case 2 can be attributed to the
fact that CO2 and H2O have a higher heat capacity than N2. Despite
having a higher flame temperature, Fig. 5 shows that the soot mass
in Case 2 is lower than that in Case 3. Hence, the difference in flame
temperature resulted from the thermal effect is not the direct reason
for the difference in the soot mass between Cases 2 and 3.

Considering that the soot formation is highly dependent on the soot-
related species, the temporal evolution of the ensemble-averaged C2H2
and OH mass are provided in Fig. 7. As depicted, the C2H2 mass starts
to differ after 1.0ms ASOI, while the OH mass starts to differ after
ignition has occurred. It is important to note that the C2H2 mass is
higher, while the OH mass is lower in Case 3 as compared to Case 2,
implying that the thermal properties of ambient CO2 and H2O additions
result in a higher C2H2 mass but a lower OH mass. It is apparent that
the higher C2H2 mass promotes the soot formation process and the
lower OH mass decreases the soot oxidation in Case 3. Hence, a higher
soot mass is observed in Case 3 (cf. Fig. 5). Since air–fuel mixing is
important to the formation of C2H2 and OH, the air entrainment may be
another factor which varies the C2H2 and OH production upon ambient
CO2 and H2O additions. Yet, as shown earlier in Table 3, the mean LOLs
in Case 2 and 3 are similar. This indicates a similar air entrainment in
the two flames. To confirm this, the temporal evolution of the total
6

mass of air entrainment is examined in Appendix B.
Table 4
Initial conditions of 0-D homogeneous reactor for Case 2.

Initial conditions Values

Pressure (bar) 60.5
CO2/XCO2 (mol %) 0/0
H2O/XH2O (mol %) 0/0
O2∕N2 (mol %) 15/85
𝜓/T ([-]/K) 1.0/832, 1.5/805, 2.0/780

Note: 𝜓 and T denote equivalence ratio and initial temperature,
respectively.

It should be noted that a higher flame temperature in Case 2 is pre-
dicted, as shown in Fig. 6. Generally, a higher flame temperature results
in a higher production of OH [47,48]. To better understand the effects
of temperature on C2H2 formation, an examination of C2H2 production
rate is carried out by performing a 0-D homogeneous reactor simulation
using ANSYS Chemkin-Pro [49]. The 0-D reactor is assumed to be
adiabatic and closed with constrained pressure. The initial conditions
of 0-D homogeneous reactor for Case 2 are listed in Table 4. Three
different equivalence ratios (𝜓 = 1.0, 1.5, and 2.0) are simulated.
The initial temperatures for these three different 𝜓 , sampled along the
adiabatic mixing line, are 832K, 805K, and 780K, respectively (Details
of adiabatic mixing line can be found in Appendix A). The results
indicate that the two most important pathways for the C2H2 oxidization
are

C2H2 + O ↔ CO + CH2 (R1)

and

C2H2 + OH ↔ CO + CH3 (R2)

Fig. 8 shows the temporal evolution of O radical mass in Cases 2 and
3. It is apparent that the O radical mass in Case 2 is higher than that
in Case 3 due to its higher flame temperature. These higher O and OH
radicals mass in Case 2 collectively leads to a stronger oxidization of
C2H2. Hence, a lower C2H2 mass and soot production during the QSS
is observed in Case 2.

4.3. Chemical effects

Since the responsible reactions for the chemical effects of CO2 and
H2O on soot formation are different, the effects of CO2 and H2O are
investigated individually in this section.

4.3.1. Effects of ambient CO2 on soot processes
The chemical effects of ambient CO2 additions are investigated by

comparing Case 4 (4.50% CO2, 0% H2O, 15% O2, 80.50% N2) and
Case 5 (4.50% XCO2, 0% H2O, 15% O2, 80.50% N2). Fig. 9 shows
a comparison of temporal evolution of the ensemble-averaged soot
mass between Cases 4 and 5. A lower soot mass observed in Case 4
demonstrates that the soot formation is suppressed by the chemical
effect of ambient CO2 addition. The flame temperatures in Cases 4 and
5 are similar (not shown) as the flame temperature is only a function
of the thermal properties of CO2 instead of its chemical reactions [11].
Hence, the flame temperature is not the reason for the difference in the
soot mass during the QSS between Cases 4 and 5. As claimed earlier, the
similar LOLs (cf. Table 3) also cannot result in the change of soot mass
between Cases 4 and 5. The difference in the soot mass between Cases 4
and 5 is likely due to the different C2H2 and OH concentrations. Fig. 10
compares the temporal evolution of the ensemble-averaged C2H2 and
OH mass in Cases 4 and 5, respectively. It is apparent that the C2H2
mass is lower but the OH mass is slightly higher in Case 4, as compared
to Case 5. Hence, the suppression of C2H2 is the main reason to result
in a lower soot mass in Case 4.

In premixed laminar C2H4 flames, the suppression of soot mass due
to the ambient CO addition is mainly through suppressing the soot
2
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Fig. 7. Comparison of temporal evolution of the ensemble-averaged (a) C2H2 and (b) OH mass between Case 2 (0% CO2, 0% H2O, 15% O2, 85% N2) and Case 3 (6.22% XCO2,
.63% XH2O, 15% O2, 75.15% N2) after start of injection (ASOI).
h
t

Fig. 8. Comparison of temporal evolution of the ensemble-averaged O radical mass
etween Case 2 (0% CO2, 0% H2O, 15% O2, 85% N2) and Case 3 (6.22% XCO2,
.63% XH2O, 15% O2, 75.15% N2) after start of injection (ASOI).

Fig. 9. Comparison of temporal evolution of the ensemble-averaged soot mass between
Case 4 (4.50% CO2, 0% H2O, 15% O2, 80.50% N2) and Case 5 (4.50% XCO2, 0% H2O,
5% O2, 80.50% N2) after start of injection (ASOI).

ormation but not enhancing oxidation rates [10]. On the contrary,
or co-flow diffusion C H flames the suppression on the soot mass
7

2 4
Table 5
Initial conditions of 0-D homogeneous reactor for cases 4 and 5.

Initial conditions Case 4 Case 5

Pressure (bar) 60.5 60.5
CO2/XCO2 (mol %) 4.5/0.0 0.0/4.5
H2O/XH2O (mol %) 0.0/0.0 0.0/0.0
O2∕N2 (mol %) 15.0/80.5 15.0/80.5
𝜓/T ([-]/K) 1.0/832, 1.5/805, 2.0/780

Note: 𝜓 and T denote equivalence ratio and initial temperature,
respectively.

is through both inhibiting the soot formation and enhancing the soot
oxidation [5,6]. Although the mechanisms for the soot suppression due
to the chemical effects of ambient CO2 addition are different, the same
responsible chemical reaction,

CO2 + H ↔ CO + OH (R3)

as been reported in these studies. When only considering this reaction,
he addition of ambient CO2 is likely to promote the OH formation in

Case 4, as shown in Fig. 10(a). It should be noted that the deviation of
OH mass occurs after 2ms ASOI, while the soot mass deviates at 1ms
ASOI (cf. Fig. 9). Therefore, reaction (R3) may not be the governing
chemical reaction for the chemical effect of ambient CO2 addition. As
shown in Fig. 10(b), the difference in the C2H2 mass is more significant
than that in the OH mass as the ambient CO2 is added. In addition,
the deviation of C2H2 occurs after 1ms ASOI, which corresponds to the
deviation time in the soot mass (cf. Fig. 9). Hence, it is necessary to
further investigate how the chemical effects of ambient CO2 addition
suppress the formation of C2H2. In order to understand this, a reaction
sensitivity analysis of C2H2 for Cases 4 and 5 is carried out.

The reaction sensitivity analysis is used to track the most influen-
tial reactions for a specific specie. The positive sensitivity coefficient
indicates that an increase in the forward reaction rate increases the
C2H2 concentration, thereby promoting reactivity. On the contrary, a
negative sensitivity coefficient indicates a decrease in C2H2 concentra-
tion. The reaction sensitivity analysis is obtained by performing a 0-D
homogeneous reactor where the initial conditions of 0-D homogeneous
reactor for Cases 4 and 5 are listed in Table 5. Three different 𝜓-
value (𝜓 = 1.0, 1.5, and 2.0) are simulated. The initial temperatures
for these three 𝜓-value, sampled along the adiabatic mixing line, are
832K, 805K, and 780K, respectively. When the 𝜓 = 1.0 and 2.0, the
sensitivity analysis results do not show the reactions containing species
CO2 among the top 20 reactions. This is likely due to only a few
amount C H formed at 𝜓 = 1.0 and 2.0. Based on our simulation
2 2
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Fig. 10. Comparison of temporal evolution of the ensemble averaged (a) OH and (b) C2H2 mass between Case 4 (4.50% CO2, 0% H2O, 15% O2, 80.50% N2) and Case 5 (4.50%
XCO2, 0% H2O, 15% O2, 80.50% N2) after start of injection (ASOI).
Fig. 11. Comparison of sensitivity analysis of C2H2 between Case 4 (4.50% CO2, 0% H2O, 15% O2, 80.50% N2) and Case 5 (4.50% XCO2, 0% H2O, 15% O2, 80.50% N2) at 𝜓
= 1.5.
results (not shown here), the 𝜓 = 1.5 is the most favorable region
for soot formation. Hence, only the comparison of reaction sensitivity
analysis of C2H2 between Cases 4 and 5 at 𝜓 = 1.5 is shown in
Fig. 11. The reaction (R3), which was proposed to be governing the soot
suppression under the atmospheric conditions in many studies [5,6,8–
10], is not important in the present engine-like conditions, as it is not
shown among the top 20 reactions in Fig. 11. Instead, the reaction

CH2
∗ + CO2 ↔ CH2O + CO (R4)

appears upon the addition of ambient CO2. This reaction does not
appear to be significant in Case 5. CH2* is the activated methylene.
It is worth noting that Naseri et al. [11] also pointed out the important
influence of reaction (R4) on C2H2 and C6H6 in a premixed flame under
atmospheric conditions. The direct relation between this reaction and
C2H2 formation cannot be found. However, it should be noted that the
addition of ambient CO2 depletes CH2* which is an important source
of CH2 by the following reaction,

CH2
∗ + M ↔ CH2 + M (R5)

where M is the third-body. This leads to less CH2 formed in Case 4,
which is further confirmed by a comparison of CH between Cases 4
8

2

Fig. 12. Comparison of temporal evolution of the ensemble-averaged CH2 between
Case 4 (4.50% CO2, 0% H2O, 15% O2, 80.50% N2) and Case 5 (4.50% XCO2, 0%
H2O, 15% O2, 80.50% N2) after start of injection (ASOI).
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Fig. 13. Comparison of temporal evolution of the ensemble-averaged soot mass
between Case 6 (0% CO2, 4% H2O, 15% O2, 81% N2) and Case 7 (0% XCO2, 4%

H2O, 15% O2, 81% N2) after start of injection (ASOI).

Table 6
Initial conditions of 0-D homogeneous reactor for cases 6 and 7.

Initial conditions Case 4 Case 5

Pressure (bar) 60.5 60.5
CO2∕XCO2 (mol %) 0.0/0.0 0.0/0.0
H2O/XH2O (mol %) 4.0/0.0 0.0/4.0
O2∕N2 (mol %) 15.0/81.0 15.0/81.0
𝜓/T ([-]/K) 0.8/844, 1.0/832, 1.2/821

Note: 𝜓 and T denote equivalence ratio and initial temperature,
respectively.

nd 5 in Fig. 12. As mentioned earlier, the reaction (R1) is one of the
ost important reactions to C2H2 oxidation. Consequently, a lower CH2

in Case 4 leads to more C2H2 consumed by reaction (R1), resulting in
a lower C2H2 in Case 4.

4.3.2. Effects of ambient H2O on soot processes
In this section, the chemical effects of H2O additions are inves-

tigated by comparing Case 6 (0% CO2, 4% H2O, 15% O2, 81% N2)
and Case 7 (0% XCO2, 4% XH2O, 15% O2, 81% N2). Fig. 13 shows
a comparison of ensemble-averaged soot evolution between Cases 6
and 7. It is apparent that the soot mass in Case 6 is lower than that in
Case 7. The flame temperature profiles and LOLs are similar in Cases 6
and 7. As claimed earlier in Section 4.3.1, these are not the reason for
the difference in the soot mass after the ambient H2O is added. Fig. 14
shows a comparison of evolution of the ensemble-averaged C2H2 and
OH mass between Cases 6 and 7. One can see that the C2H2 mass in
Case 6 is lower than that in Case 7. This leads to a lower soot formation
in Case 6. Conversely, the OH mass in Case 6 is higher, resulting in a
stronger oxidation on soot, as compared to Case 7. These collectively
lead to a lower soot mass formed in Case 6.

The chemical effects of ambient H2O addition on C2H2 and OH
production are next examined. In the present study, a 0-D homogeneous
reactor simulation of OH production rates is carried out. The initial
conditions of 0-D homogeneous reactor for Cases 6 and 7 are listed in
Table 6. Considering that the most OH is formed around stoichiometric
mixture fraction (𝜓 = 1.0), three different 𝜓-value (𝜓 = 0.8, 1.0, and
1.2) are simulated. The initial temperatures for these three different
𝜓-value, sampled along the adiabatic mixing line, are 844K, 832K,
and 821K, respectively. The results show that the reaction (R6) is the
most important reaction to affect OH production in all the reactions
including species H2O at 𝜓 = 0.8 and 1.0, while the reaction (R7) is
important at 𝜓 = 1.2.
9

OH + OH ↔ H2O + O (R6)
H2 + OH ↔ H2O + H (R7)

The reverse reaction of (R7) becomes an important source of OH forma-
tion when ambient H2O is added, as speculated by Richard et al. [16]
where they experimentally investigated the chemical effects of ambient
H2O addition in a diffusion flame under atmospheric conditions. In
addition, Liu et al. [17] also found that the reverse reactions of (R6)
and (R7) are the primary pathways for the chemical effects of ambient
H2O addition under atmospheric conditions. As a result, the reactions
(R6) and (R7) are found to be governing the chemical effects of ambient
H2O addition under both the engine-like and atmospheric conditions.

To further investigate how these two reactions play the role in
Cases 6 and 7, a comparison of OH production rates resulting from
the reactions (R6) and (R7) in the 0-D analysis of Cases 6 and 7 at
𝜓 = 0.8, 1.0, and 1.2 is shown in Fig. 15. The OH productions start
earlier in Case 6 due to the ambient H2O additions. The shifted Case
7 represented by dashed line is used to facilitate the comparison of
the OH production rates between Cases 6 and 7. From Fig. 15(a) and
(b), the OH production rates from the reverse reaction of (R6) during
the ramp-up process (indicated by black arrows) are higher in Case 6
than that in Case 7, resulting in a higher OH mass production in Case
6. In Fig. 15(c), one can see that the OH consumption rate from the
forward reaction of (R7) in Case 6 is lower than that in Case 7 as
the ambient H2O additions enhance the reverse reaction of (R7). This
leads to less OH consumed and thus more OH mass observed in Case 6
(cf. Fig. 14(b)). As mentioned earlier, OH is one of the most important
oxidizers. Hence, a higher OH mass in Case 6 leads to a higher C2H2
oxidation via the reactions (R2), resulting in a lower C2H2 mass and
thus soot surface growth rate. Meanwhile, the higher OH mass enhances
the soot oxidation. Hence, these collectively result in the soot mass
decreasing when adding ambient H2O in Case 6.

5. Conclusions

In this study, the effects of ambient carbon dioxide (CO2) and water
(H2O) additions on the soot formation are investigated using large eddy
simulation at the ambient temperature of 900K, pressure of 60.5 bar,
and oxygen level of 15%. A two-equation soot model is implemented
to model soot formation/oxidation process, in which acetylene (C2H2)
is selected as soot precursor and surface growth species while hydroxyl
radicals (OH) and oxygen (O2) are soot oxidizers. The non-reacting and
reacting spray characteristics in terms of liquid and vapor penetration
lengths, ignition delay time, lift-off length, and soot distributions show
good agreement with the experimental data. In order to compare the
soot mass at the quasi-steady state (QSS) between different cases, a
time-average of the ensemble-averaged soot mass is carried out. A
minimum of 3 realizations are found to be sufficient to compare the
soot mass size during the QSS between different cases.

It should be noted that the ambient CO2 and H2O additions influ-
ence the soot formation via thermal and chemical effects. The thermal
effects result form the thermal properties of CO2 and H2O additions.
The flame temperature becomes lower after the ambient CO2 and H2O
are added due to their higher heat capacities, as compared to nitro-
gen (N2). The lower flame temperature increases the C2H2 formation
but decreases the OH formation rates. This promotes the soot formation
process. On the contrary, the chemical effects of ambient CO2 additions
decrease soot mass mainly via lowering the C2H2 formation. In order to
understand the underlying mechanism of the influence of the ambient
CO2 addition on the C2H2 formation, a sensitivity analysis of C2H2 is
performed. The results suggest that the suppression of C2H2 due to the
ambient CO2 addition stems from the reaction CH2

∗+CO2 ↔ CH2O+CO,
which in turn leads to a lower C2H2 production in the reverse reaction
of C2H2 + O ↔ CO + CH2. The ambient H2O addition suppresses
soot mass through lowering the C2H2 production but enhancing OH
formation. An examination of OH production rates from a 0-D analysis
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Fig. 14. Comparison of temporal evolution of the ensemble-averaged (a) C2H2 and (b) OH mass between Case 6 (0% CO2, 4.00% H2O, 15% O2, 81% N2) and Case 7 (0% XCO2,
.00% XH2O, 15% O2, 81% N2) after start of injection (ASOI).
Fig. 15. Comparison of OH production rates from the reactions (R6) (OH + OH ↔ H2O + O) and (R7) (H2 + OH ↔ H2O + H) in Case 6 (0% CO2, 4% H2O, 15% O2, 81% N2) and
Case 7 (0% XCO , 4% XH O, 15% O , 81% N ) at (a) 𝜓 = 0.8, (b) 𝜓 = 1.0, and (c) 𝜓 = 1.2.
2 2 2 2
demonstrates that the reverse reaction H2 + OH ↔ H2O + H governs
the increase in OH production and the reverse reaction of OH + OH ↔

H2O+O dominates the decrease in OH consumption rate. The increase
in the OH concentration leads to a higher C2H2 oxidation, yielding
a lower C2H2 and soot production. Meanwhile, the increase in OH
concentration also promotes the soot oxidation, which contributes to
the reduction of soot mass as well.

The present work identified the mechanisms that govern the soot
suppression due to the ambient CO2 and H2O additions. However, it
should be noted that the present work is only focused on a single
ambient condition (ambient temperature of 900K, O2 level of 15%, and
pressure of 60.5 bar. It is of high interest to expand on the current work
by investigating the effect of CO2 and H2O on soot reduction at different
ambient conditions.
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Appendix A. Adiabatic mixing line

Fig. A.1 shows scatter plot of temperature-equivalence ratio (𝑇 −
𝜓) at 1ms for the non-reacting case. The adiabatic mixing line is
represented by the red line and obtained from [50], in which the sim-
ulation of one-dimensional counterflow diffusion flame configuration
was performed using CHEM1D with the chemistry turned off to predict

this line.
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Fig. A.1. Scatter plot of temperature-equivalence ratio (𝑇 − 𝜓) at 1ms for the
non-reacting case. Red line denotes the adiabatic mixing line with evaporation.

Appendix B. Examination of air entrainment in Case 2 and Case 3

The temporal evolution of mass of air entrainment between Case 2
and Case 3 is shown in Fig. B.1. The mass of air entrainment is
calculated as 𝑚𝑎𝑖𝑟 = (1 − 𝑍)𝑚𝑡𝑜𝑡. 𝑚𝑎𝑖𝑟 and 𝑚𝑡𝑜𝑡 are the mass of air
entrainment and total vapor mass in the spray region, respectively.
𝑍 = 0.001 is used as a threshold to define the boundary of the spray
region. As depicted, the difference in the total mass of air entrainment
between Cases 2 and 3 can be disregarded. Hence, the air entrainment
is not the reason to the change in C2H2 and OH mass when the thermal
effects of ambient CO2 and H2O additions are introduced.

Fig. B.1. Comparison of temporal evolution of air entrainment between Case 2 (0%
CO2, 0% H2O, 15% O2, 85% N2) and Case 3 (6.22% XCO2, 3.63% XH2O, 15% O2,
75.15% N2) after start of injection (ASOI).
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