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ABSTRACT

The present study investigates the formation and evolution of soot and NOx in a high-pressure constant-volume
combustion chamber. This work focuses on the effect of multiphase thermal radiation and O; dilution in
ambient/exhaust gases, some- times also referred to as exhaust gas recirculation(EGR), qualitatively and
guantitatively. The spray-A case (n-dodecane as fuel) from Engine Combustion Network (ECN) is used as the
target condition. Two different soot modeling approaches have been considered: a semi-empirical two-equation
model and a detailed method of moments with interpolative closure (MOMIC) model. A multiphase photon
Monte Carlo (PMC) solver with line-by-line (LBL) spectral data is used to resolve radiative heat transfer. Results
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show that effect of radiation on soot is minimal in spray-A. Inclusion of radiation modeling, on the other hand,
marginally reduce NO prediction. Both peak soot and NO formation increases with O, content in the ambient
gas. Oxygen content in ambient gas is also found to have significant effect on soot sizes as the mean soot
diameter increases along with considerable widening of the diameter distribution with the increase of O,
percentage in the ambient gas.
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1. Introduction

Internal combustion engines play an important role in transportation and power generation sectors. Combustion
processes are often accompanied by large amount of harmful emissions like soot and NOyx. Therefore, it is very
important to understand the outcomes of combustion processes and to be able to predict the effect of different
operating conditions typically found in internal combustion engines. Reducing the amount of pollutant
formation while keeping the engine efficiency unaffected has been a topic of great interest among the engine
researchers in recent decades. Exhaust gas recirculaiton (EGR) is often used to reduce the NOx emission in
modern internal combustion engines. Use of EGR dilutes the O, concentration which results in a lower flame
temperature in the combustion chamber [1, 2]. Addition of EGR in diesel engines tends to increase soot
formation which results in an increase in radiative heat loss from soot [3].

The presence of high pressure and temperature along with spray and particulate matters make the combustion
dynamics very complex in internal combustion engines. The complex multiphysics interaction makes it further
difficult to understand and model the fundamental processes in engine-relevant conditions. Although the radia-
tive heat transfer can contribute 12%-15.5% of the total thermal heat loss [4, 5] in different configurations,
radiation modeling is often neglected or simplified in engine simulations.

The present work focuses on numerical modeling of high-pressure, constant volume spray combustion
experiments reported by engine combustion network (ECN) [6]. Liquid n-dodecane spray (ECN spray-A) is used
as the fuel and different extent of O; dilution configurations are considered. A series of previous studies have
been con- ducted on ECN spray-A case. Som et al. [7] studied several ECN combustion chamber and proposed
baseline parameters for the numerical approach to model those cases. Fernandez et al. [8] used a transported
probability density function (TPDF) solver to investigate the soot formation in ECN spray-A case. To resolve the
turbulence radiation interaction (TRI) properly they used a photon Monte Carlo/line-by-line (PMC/LBL) radiation
solver. However, the radiation solver was not coupled with the gas phase chemistry for all simulations in that
study and the effect of O, dilution of the ambient gases was not investigated. Haworth and coworkers [9, 10]
reported that nongray radiation contributes not only to the wall heat loss but also in the spatial redistribution of
temperature. Chishty et al. [11] also studied the importance of radiative heat transfer using three different
radiation model for spray-A and concluded that the effect of turbulence radiation interaction (TRI) is important
and it increases the overall radiation emission. Recently, they also investigated the soot formation in spray-A
case with turbulent chemistry interaction (TCI) [12]. They used a two-equation semi-empirical soot model and
assumed an optically thin radiative heat transfer configuration. However, due the presence of high pressure
inside the combustion chamber, the optically thin approximation does not hold true [8]. In another recent study,
Yue and Reitz [13] used a discrete ordinate method (DOM) to study the effect of radiative heat transfer on soot
and NOx formation and reported that, radiation can influence the engine-out soot production by as much as 50%
under certain conditions.



Although different numerical studies have been conducted regarding TCl, gas phase radiation and spray
radiation individually, to the best of our knowledge, no study has been conducted yet coupling the multiphase
radiation with soot models in spray-A spray combustion cases. As some researchers have pointed out, including
spray droplets in radiation transfer may have some effect on pollutant formation under certain conditions [14,
15]. In this work, we systematically investigate the effect of multiphase radiation, soot model sensitivity and
different extent of oxygen dilution on pollutant production in ECN spray-A case.

A Reynolds average simulation framework is used along with a photon Monte Carlo line by line (PMC/LBL)
detailed multiphase radiation solver. Both spray and gas phase radiation is studied in depth for different O,
dilution configurations and their effect on soot and NOx formation. The soot formation and distribution is
studied in details using a detailed method of moment soot model. The novelty of the present study lies in the
systematic study of the local and global effects of both spray and gas phase radiation under the influence of
different O, dilution configurations, and detailed investigation of soot characteristics and size statistics at
different stages of combustion.

2. Target cases

The ECN spray-A configuration is an optically accessible constant volume spray combustion chamber with a
volume of 1147 cm3. A wide range of data for different levels of O, in the ambient gas is reported by ECN. The
desired initial ambient configuration is achieved by pre-burning a premixed acetylene (C2H2) mixture. A more
detailed description is available at [16].

The present study considers spray-A configuration for three different initial oxygen percentages (13%, 15% and
21%) at an initial temperature of 900 K. The X% (where, X= 13, 15 or 21) initial oxygen configuration indicates
the amount of oxygen present in the ambient gas mixture. The ambient gas mixture is derived from the
premixed burning of the acetylene mixture. The product of the preburn mixture is emulating the EGR
configurations. It should be noted that, for constant volume combustion chamber this kind of mixture is often
referred to as oxidizer dilution. The initial ambient density is 22.8 kg/m3 and internal pressure is 6 MPa. The
injection pressure is 150 MPa and injector orifice diameter is 90 um. The injection duration is 6 ms. For the non-
reacting cases, a 0% O, configuration (mixture of only ambient gases and nitrogen but no O3) is considered while
for the reacting cases, the recommended percentages of nitrogen (N2), water (H20) and carbon-di-oxide (C O3)
with different oxygen (O;) quantities are considered as provided in [17]. The liquid and vapor penetration
lengths for non- reacting case and lift-off-length (LOL) & ignition delay (ID) for reacting cases are used for model
validation.

3. Numerical methodology

The turbulent flow field is modeled using an unsteady Reynolds-averaged Navier- Stokes (URANS) [18] approach
using OpenFOAM-2.3.x CFD toolbox [19]. A pressure- based finite-volume method is used to solve the coupled
pressure, momentum, and energy equations with second-order spatial discretization. The baseline model
parameters used in the present study are summarized in Table 1. Although TCl and TRI effects can be important
in these configurations, accurate modeling of these effects requires a computationally expensive probability
density function (PDF) approach. Therefore, it is prudent to evaluate global effects of multiphase radiation and
O, dilution before a computationally expensive combination of detailed models (e.g., PDF/MOMIC/PMC/LBL)
can be selected to explore more details of specific cases. Considering the number of detailed simulations to be
performed in this work, a PDF approach with parametric sweep, as done in the current work, would add a huge
computational burden. Therefore, as a first order estimate, effects of TCl and TRI are not considered in the
simulations. Even without the TCl and TRI effects, the qualitative trends seen in this work are expected to be



useful. Based on these trends a select number of cases and model combinations can be used with an accurate
TCI/TRI model to further investigate these configurations.

The two-equation k E turbulence model is used in the present study. The C41 constant is increased from 1.44 to
1.55 as recommended by [20]. The liquid spray is modeled using stochastic Lagrangian-parcel method [21]. The
liquid penetration length is dependent on the spray break-up model. Reitz-Diwakar secondary break- up model
[22] is used in the current study. The striping constant, Cs, used in the secondary break-up model is set to match
the numerical liquid penetration length with the experimental results (Cs = 9.0). The vapor penetration length is
dependent on the initial turbulence condition. The initial k and E values are chosen to match the experimental
vapor penetration length.

A 54-species, 269-reaction skeletal n-dodecane (Ci2H26) mechanism developed by Yao et al. [23] is used in this
study. This mechanism was previously used by Fernandez et al. [8] who showed reasonable agreement with the
experimental data. For NO formation, the thermal NO pathways following extended Zeldovich mechanism are
added to the mechanism [24-26]. Two different soot models are used in the present study: a semi-empirical
two-equation model [27] and method of moments with interpolative closure (MOMIC)[28]. The two-equation
model solves two transport equations for soot mass fraction and particle number density. Soot formation is
semi-empirically linked with C;H,, whereas the soot oxidation pathways include O,. On the other hand, MOMIC
is a detailed soot model which solves for a finite number of moments of the particle size distribution function
(PSDF) by solving a population balance equation. This model can provide more information about the soot size
distribution. MOMIC is expected to provide better estimation of soot formation when used with a sufficiently
accurate and detailed chemical mechanism [29]. The soot surface growth in MOMIC follows hydrogen
abstraction C;H; addition (HACA) pathways [30—34]. Soot oxidation takes place due to reaction with O, and OH.
The details of the models can be found in [28, 35]. In this work we used first six moments for MOMIC
formulation. Additionally, since the chemical mechanism used does not contain any polycyclic aromatic
hydrocarbon (PAH) we used an acetylene-based nucleation scheme for MOMIC [36].

A fully coupled spectral photon Monte Carlo (PMC) radiation solver [14, 37, 38] is used in the present study to
account for the gas phase radiation. In PMC, radiation exchange is solved by emitting and tracing a large number
of photon bundles or rays. The radiative properties are calculated using a line-by-line (LBL) spectral database
obtained from HITEMP2010 database [39]. Three gaseous species (H.0, CO and CO;) and soot are considered as
participating species. The radiative properties of the soot particles are calculated using a wavenumber-
dependent formulation [40]. Spray-phase radiation is based on the multiphase radiation model developed by
Roy et al. [14]. The spray droplets are much cooler than surrounding gases and thus considered non- emitting.
Due to lack of spectrally-resolved radiative property data for dodecane, a gray (i.e., constant complex index of
refraction, n ik) assumption is applied to spray droplets. Tuntomo [41] studied the complex index of refraction of
n-heptane and n-decane for the mid-infrared range (2-10 um) and concluded that the refractive index (n) varies
by a little while the index of absorption (k) varies wildly with wavelength. In the later studies these outcomes are
confirmed by Dombrovsky [42, 43] and the complex index of refraction for Diesel fuel was found to be n O(1.5)
and k O(107*-107%) for the mid-infrared range. Following an earlier work [14], the values of the complex index of
refraction of the fuel droplets is assumed to be constant at n=1.5 and k= 0.002 in the present study. Scattering
by spray droplets has also been neglected as it was shown to have negligible effect [14].

Many of the numerical models are same as what has been used and validated by Fernandez et al [8]. However,
this is the first work to couple a multiphase PMC/LBL approach with the chemistry in this configuration.
Additionally, while the previous work [8] focused on the effect of TCI/TRI and spectral radiation, this work
focuses on effect of soot model, coupled radiation, and O, percentage in ambient gas on soot and NOy
production. As done in [8], a two-dimensional axisymmetric computational domain with a 5° wedge [8] (1/72%
of the experimental domain) is considered as the reaction vessel. The axial and radial dimensions are



respectively 108 mm and 58 mm. The entire domain is divided into 12,800 non-uniformly distributed cells. The
minimum grid size is approximately 0.25 mm. The simulation domain is bounded by three walls and two
symmetric boundaries. The spray is injected from the corner of the simulation domain. The injection pressure is
150 MPa and the mass flow rate is adjusted to match with the 1/72% of the experimental domain. The injector
diameter is 90 um and co-efficient of discharge is set to 0.89 as per ECN recommendation. Rosin-Rammler
distribution [44] is used to control the size distribution of the spray parcels introduced in the simulation domain.
Standard wall function is used as the wall boundary conditions. The recommended spray injection rates
provided by ECN are used throughout this study. The computational time step is setat 5 x 1077 s.

4. Results and discussions

As mentioned earlier, the numerical model parameters (summarized in Table 1) are tuned to match with the
experimental liquid and vapor penetration lengths. Since the simulations involve several models, all of which has
several tunable parameters, it is impractical to tune each of these models to match each experiment on a case-
by-case basis. Therefore, we restricted tuning to only reference nonreacting data such as penetration lengths.
Once the tuning is achieved, the parameters are fixed for the rest of the study. We then further validated the
choice of parameters by comparing simulation results with different reacting characteristics such as the ignition
delay (ID), lift-off-length (LOL), heat release rate, pressure rise etc. Here we only show validation plots for ID and
LOL for brevity.

4.1 Non-reacting validation: Penetration length

In the non-reacting cases, fuel spray is injected in the chamber filled with only the ambient gases without any
oxygen. ECN defines liquid penetration length as the distance from the nozzle, at which the liquid fuel mass
fraction becomes 1%. On the other hand, the vapor penetration length is the distance from nozzle at which the
fuel mass fraction becomes 0.1%. Since there is no reaction involved (due to the absence of oxygen), the
penetration lengths are only affected by the spray break-up parameters and the turbulent mixing configurations.
The experiments use acetylene (C2H2) pre- mixed combustion to attain the initial conditions required for the
self-ignition of the spray. The constant-volume acetylene preburn creates a decaying turbulence field, that
serves as the intial condition for the spray injection. The vapor penetration length is affected mostly by this
initial turbulence field. Therefore, the initial turbulence levels (k and E) are adjusted to match the experimental
vapor penetration length. The C¢1 parameter affects both vapor penetration length and lift-off-length (LOL) as
discussed in later section. Figure 1 compares the liquid and vapor penetration length obtained from the
experiments and simulations.

4.2. Reacting validation: Ignition delay (ID) and lift-off-length (LOL)

There are several ways to define the ignition delay in a spray combustion system. In this study, a pressure based
ignition delay (ID) definition approach is adopted [45, 46]. Accordingly, the ignition delay (ID) period is defined
as the instance at which the average pressure in the combustion chamber increases by a nominal 3 kPa amount.
This instance indicates the beginning of the second stage of combustion. The chemical heat release rate (HRR) is
maximum at this point. Figure 2a depicts the ignition delay (ID) for different O, percentage cases at 900 K. The
numerical data follows the same trend as the experiments and the curves are parallel to each other. The ignition
delay (ID) period decreases with the increase in O, quantity.

The change in the lift-off-length (LOL) with oxygen percentage is shown in Fig. 2b. The lift-off-length (LOL) is
defined as axial location in the quasi-stationary flame where the OH mass fraction becomes 14% of the
maximum value in the whole do- main. The quasi-stationary flame quantities are obtained by temporal
averaging the scalars. In this study, as done by Bolla et al. [47], it is assumed that the reaction domain achieved
the quasi-stationary state at 5 ms from the start of injection (SOI). Just like the ignition delay (ID), the lift-off-



length (LOL) also decreases with the in- creasing O, quantity. The numerical LOL profiles also follow the
experimental LOL profiles qualitatively. The present trends in results are in agreement with similar study
conducted by Fernandez et al. [8].

The discrepancy in the ignition delay (ID) results between the experiments and the numerical simulation can be
explained in terms of the choice of chemical mechanism and TCI. As mentioned earlier, the TCl effects are not
considered in the present study as we used a partially stirred combustion model. Usually an over-prediction of
both ignition delay (ID) and lift-off-length (LOL) occurs when TCl is ignored [47— 49]. Mukut and Roy [50] also
showed that choice of chemical kinetic mechanism can significantly alter the flame lift off length (LOL).

The lift-off-length (LOL) also depends strongly on the turbulence characteristics inside the simulation domain. As
discussed earlier, the Ce1 parameter in the k E turbulence model was changed to 1.55 to match the experimental
vapor penetration length. However, this modification increases the lift-of-length. The consistent over- prediction
of the LOL is attributed to the limitations of the turbulence model including the absence of TCl modeling [47-49]
as well as chemical mechanism [50].

4.3. Effect of radiation

In this work the gas phase radiation and the spray phase radiation are considered separately. Radiation of the
gas phase species and spray droplets may have some effect on pollutant formation behavior due to the local
change in temperature because of radiative heat loss. The inclusion of radiation modeling usually results in
lowering of temperature and pressure. Both the average temperature and pressure decreases with decreasing
O, percentage in the ambient gases during the injection period. But, after the injection ends, the rate of cooling
increases with higher O, percentage.

Radiation may not noticeably affect the global quantities but it may affect the combustion dynamics by
redistributing the temperature field in the simulation domain. The wall emission can also play an important role
in near-wall temperature distribution. This change in the temperature field may affect the formation of soot and
NOx throughout the domain. To identify the effect of radiation from different phases (gas and spray), three sets
of simulations were performed — without radiation, with only gas-phase radiation (i.e., spray is not participating
in radiation), and with both gas and spray-phase radiation (i.e., C O, H20, CO, soot and spray droplets are all
participating in radiation heat transfer). As a representative case, 21% O, case with MOMIC soot model is
discussed here in details. The trends observed are same for other cases.

Figures 3a—c show the difference in temperature distribution in the simulation domain due to different
treatments of radiation at three different instances of time (2 ms, 5 ms and 7 ms) and Fig. 3d shows the
temperature contours with and without radiation models at 5 ms. Noticeable local differences in temperature
are observed in these figures due to the multi-phase radiation. A point to note here is that the alternating hot
and cold layers seen in the difference plots (Figs. 3a—c) are because of minor shifts in flame front between one
simulation and another due to randomness in radiation and spray models and should be ignored while making
any inference. In general, gas- only radiation cools down the flame slightly (e.g., mostly hotter regions in Fig. 3c).
However, presence of spray in radiation model makes things highly complex. Direct radiative heating of spray
droplets was found to be negligible compared to convective heating due to high injection pressure. This is in
agreement with earlier findings [14]. Although spray droplets are not expected to be heated up directly by
radiation in any significant amount, their presence may alter local temperature slightly [14]. Presence of hotter
region near the downstream wall at around 5 ms in Figs. 3a, 3b and 3c indicates that the inclusion of spray in
radiation may make the flame marginally shorter, possibly due to localized cooling of gases near the nozzle
upstream of the flame. Figure 3b also indicates that the inclusion spray in radiation makes the flame marginally



wider, but also marginally cooler at core post-injection (at 7 ms). It must be noted here that the difference in
temperature due to radiation is very localized and small in magnitude, and therefore it does not affect the
volume-averaged temperature noticeably. As a global quantity for radiation, the share of radiative heat transfer
to the wall compared to the chemical heat release (HRR) (radiant fraction) was also calculated. At around 5 ms
(quasi steady state), the radiant fraction for the 13%, 15%, and 21% O, configurations were, respectively, 2.1%,
2.2%, and 2.8%.

4.3.1. Soot

Two soot models have been used in this study: a two-equation semi-empirical model and a method of moment
of interpolative closure (MOMIC). Figure 4 depicts the evolution of soot volume fraction contour with different
soot models for 21% O, case with gas phase radiation at 5 ms. The location and spread of soot formation shows
qualitative agreement.

ECN [6] provides the global soot production data with time within an experimental field of view (17.2 mm to
67.2 mm in the axial direction). Figure 5 compares the temporal evolution of total soot mass with the
experimental data within the experimental field of view for both soot models. MOMIC was run without any
tuning or optimization and results show overprediction of total soot mass in 21% O, case. As reported later (Sec.
4.4.1), the MOMIC results match well in 15% and underpredicts in 13% O, cases. The sensitivity of the two soot
models with initial amount of O, in the ambient mixture varies significantly and is discussed later in Sec. 4.4.1.

From Fig. 3, we have seen the effect of spray and gas-phase radiation on the local temperature distribution.
Since soot formation is sensitive to the temperature distribution, difference in radiation treatments may affect
the overall soot formation. The soot volume fraction contours for the 21% case with and without spray and gas
phase radiation at 5 ms are shown in Fig. 6. It is interesting to see that the overall soot production zone remains
almost (a marginal reduction can be seen with spray- and gas-phase radiation) same with or without radiation
considerations. This is possibly because of the small magnitude of the temperature difference in the soot
formation zones. The effect of spray- and gas-phase radiation remains minimal across all the O, percentage
cases as seen from the global soot production plots in Fig. 7. This result is in agreement with the contemporary
studies [11, 13].

4.3.2. NOx

Apart from soot particles, NOx is another major source of pollutant in internal combustion engines. NO being a
major constituent of NOy, we treat NO as an indicator of overall NOx behavior in this study. The present study
considers only thermal NO production. In general, NO formation is a strong function of temperature and mixture
fraction but has a weak correlation to pressure inside the combustion chamber [51]. Because of the change in
temperature distribution due to the addition of radiation model, NOx production is affected.

Figure 8 demonstrates when and how spray-phase radiation and gas-phase radiation influence NO mass fraction
inside the simulation domain. The effect of spray-phase radiation is small compared to gas-phase radiation. The
effect of spray-phase radiation decreases after the end of injection as observed in Fig. 8c. On the other hand, the
gas phase radiation dominates the core segment of the flame and near the wall. The effect of gas-phase
radiation become more dominant with time specially near the wall. From Fig. 8, it is evident that, the wall heat
transfer plays an important role in NO formation. With the inclusion of radiation model, temperature near the
wall decreases due to radiative cooling, leading to a decrease in NO production.

The localized cooling effect observed with the inclusion of radiation restricts NO formation slightly. Figure 9
demonstrates how the global NO production changes with time due to radiation in 21% O, case. Gas phase

radiation plays slightly more important role in reducing the amount of NO (almost 5%) than the spray phase
radiation for which the effect is not as impactful as the gas phase radiation (3.2%).



4.4. Effect of O, quantity in ambient gases

Reduction of O; quantity in ambient gases results in a reduction of temperature which helps reducing NOx
emissions. However, in terms of soot, things are a little different. The increase of O, helps increasing the soot
formation but also increases the soot oxidation rate. The link between the amount of O, in the ambient gas and
soot emission is therefore not quite linear.

4.4.1. Soot

As discussed earlier, two different soot models have been employed in the current study. Figure 10 depicts the
effect of O, percentage in the ambient gas on soot formation behavior across both soot models at 5 ms
(considering quasi-steady flame) and experimental quasi-steady soot volume fraction. Both soot models show
qualitative agreement with the experimental results. However, the MOMIC tends to over-predict the amount of
soot for higher O, percentage cases and under-predict at lower O, percentage cases. Both the location and the
amount of soot production are affected by the O, percentage in the initial ambient mixture. The location of the
peak soot volume fraction moves away from the injection nozzle with the decrease of the O per- centage in the
ambient mixture. Also, a steady increase in peak soot volume fraction is observed with the increase of O,
percentage.

Figure 11 depicts the effect of O, percentages in the initial ambient mixture and different soot models on global
soot formation. The results are also compared with the experimental soot data provided by ECN. Although, the
two-equation and MOMIC soot model shows qualitative agreement in soot volume fraction profile as discussed
in Figure 10, there is significant quantitative difference between the soot models. The semi-empirical two-
equation model shows surprisingly consistent agreement with experimental data in all cases studied but MOMIC
seems to be very sensitive towards the amount of O; in the ambient gases. O plays an important role in the
surface growth during soot formation [32, 52] as well as in oxidation of soot particles. The sensitivity of the
MOMIC with O; percentage in the ambient gases can be partially attributed to this two-way role of oxygen and
the importance of surface growth in MOMIC. The correlations used in the semi-empirical two-equation model
lump these processes together. Two-equation model has been previously shown to be less sensitive to small
differences in chemical mechanisms and local equivalence ratio [29, 35, 53, 54]. In the current study also, this
model is found to be less sensitive to O, percentage in the ambient mixture than MOMIC. MOMIC has been
shown to be more sensitive to gas-phase chemistry and equivalence ratio than semi-empirical model [29, 35].
Additionally, MOMIC results are also sensitive to model parameters such as different variants of HACA
mechanism and “steric factor” formulation [29, 55], particularly when surface growth is a dominant process. In
this study we did not perform any optimization of these model parameters and chemical mechanisms. This can
contribute to the large variations in MOMIC results across different O, dilutions. It should be noted that, the
good match with experimental data for all three O, dilution cases from the semi-empirical model is somewhat
surprising and does not necessarily indicate that two-equation model is a better soot model than MOMIC. With
TCI effects considered, along with a better chemistry with aromatics, MOMIC has been shown to produce a
better match in Spray-A in the literature [8]. This observation also supports the conclusion that the accuracy of
detailed soot models depends strongly on model parameters as well as other aspects such as the chemical
mechanism, turbulence- chemistry interaction models, etc [8, 29, 56].

4.4.2. NOx

As discussed earlier NO formation is very strongly related to the temperature and mixture fraction of the flame
in the combustion chamber[51]. As the O, % in the ambient gas mixture decreases, the temperature inside the
combustion chamber also decreases and so does NO. Figure 12 depicts the change in the temperature contours
inside the combustion chamber due to the change in the initial O, quantity in the ambient mixture. The
temperature rises as the O, percentage in the initial ambient gas mixture increases. This rise in temperature is



significant when the O, quantity increases from 15% to 21% in the ambient mixture. This large change in
temperature is also reflected in the change in NO production at high O, content as seen from Figure 13.

Figure 13 illustrates the comparison of NO formation behavior with different O, percentage cases at 5 ms. The
maximum value in the contour plots are kept same as the maximum NO mass fraction in individual cases. From
13% to 15% O, case, the peak NO mass fraction increases by an order of magnitude. Two orders of magnitude
increase is seen between 21% and 15% O, content. With the decrease in the O, content, the wall radiative heat
transfer effects can also be observed. The NO profiles for 13% O, case is much wider than the 21% case near the
wall. The global effect of the initial O, percentages on overall NO production is shown in Figure 14. The total NO
mass produced in 21% O, case is much higher than the other two. Figure 14 clearly indicates that the NO
emission can be significantly reduced with the lowering of O; in the ambient mixture.

4.5. Soot size statistics

The size and morphology of the engine-out soot have significant effect on the environment. The effect of initial
ambient O; concentration and radiation on global soot yield has been described in the previous sections using
both a two-equation model and a MOMIC soot model. The semi-empirical two-equation soot model does not
resolve size-related information in great detail. MOMIC, on the other hand, follows evolution of soot from first
principle and can resolve the moments of the PSDF. MOMIC accounts for four fundamental physio-chemical
processes involving soot — nucleation, coagulation, surface growth (following the HACA [30] pathway), and
oxidation [e.g., see 28, 29, 32, etc. for details]. In this section, we present some global information related to the
soot particle size distribution obtained from MOMIC. It is important to note here that, the current MOMIC
formulation assumes spherical soot particles and the gas-phase chemical mechanism does not contain any PAH.
Therefore, the analysis presented here may lack some details in soot morphological information. But the in-
formation extracted are still worth looking as they reveal some important qualitative information.

Figure 15 depicts the global probability density function (PDF) of the soot particle diameters in different initial O,
configurations considering the entire chamber at 5 ms. It is evident that the diameter distribution becomes
wider with the increase of O, percentage in the ambient mixture. The presence of more O; in the ambient
mixture invokes a more suitable condition for the surface reaction which accelerates surface growth. Thus, we
get soot particles with larger diameter in higher O, cases. The 21% O, almost doubles the soot diameter
compared to 15% O, case.

The evolution of the diameter of the soot particles with time also gives us important insights about the evolution
of soot. In the cases under consideration, the simulation is run for 10 ms while the spray lasts for 6 ms. Figures
16 — 18 show the changes of diameter PDF with time inside the combustion chamber for 13%, 15% and 21% O
cases respectively. For clarity, the plots are divided into two separate parts, (a) during spray injection and (b)
after the end of spray injection. The total soot mass and number density in the simulation domain on a
particular time is also included in the corresponding legends. The bimodal nature of the PDF profiles show the
balance between formation, coagulation, surface growth, and oxidation during different phases of combustion.
Only nucleation and coagulation affect the number density of soot — nucleation introduces incipient soot
particles, whereas coagulation reduces number of soot particles without affecting soot mass. On the other hand
nucleation and surface growth introduce new mass to soot, while oxidation reduces mass of a soot particle. The
first peak is indicative of mostly the incipient soot particles. The second peak represents the previously formed
soot particles which are going through a balance be- tween coagulation, surface growth and oxidation.
Depending on the extent of different phases of soot formation, the shape of the diameter PDF can change and
because of that, the width and existence of the two peaks may also vary.

During the spray injection, all the cases under consideration show a rapid increase of soot mass and number
initially up to 2 ms as seen from Figs. 16a, 17a and 18a. This indicates rapid nucleation in the beginning of each



case. After that, the total number of soot particles becomes more or less steady until the end of spray injection.
During this period the soot mass continues to increase. This increase in soot mass with a small change in total
number of soot particles represents rapid surface growth during this period. The soot diameter PDFs keep
getting wider until a balance between surface growth and oxidation kicks in. After the end of spray injection, the
amount of soot decreases rapidly due to oxidation as seen from Figs. 16b, 17b and 18b. The effect of nucleation
increases with the decrease of O, percentage in the combustion domain. For the 13% O, case there is essentially
one single peak that is visible during the entire 10 ms. Although the diameter profile widens from 3 ms to up to
8 ms due to coagulation and surface growth, these phenomena are not strong enough to produce a distinct
second peak. The peak of the PDF remains close to 2 nm indicating strong effect of nucleation during initial stage
(up to 2 ms) and oxidation during the later stage (8 ms to 10 ms). For 15% O, cases, we see a co-existence of
both mature (larger diameter) and newly-formed (smaller diameter) soot particles even after the injection ends
at 6 ms (until 7 ms). The presence of a second peak indicates increasing importance of surface growth and
coagulation. For 21% O, case, the bimodal shape is only visible during initial stage (up to 2 ms). Beyond that the
surface growth essentially shifts the peak towards larger particles (2 ms to 5 ms). The oxidation is strongest in
this case resulting in quick elimination of large particles immediately after the end of injection (Fig. 18b). All
cases show a very similar soot diameter PDF between 9 ms and 10 ms which indicates a slow-down of physio-
chemical activities related soot. This is because by this time most of the soot has oxidized from the domain as
also seen in Fig. 7. From Figures 17 and 18 we observe two distinct trend with time. In the first half, coagulation
and surface growth becomes dominant over soot nucleation as seen by shift of diameters to larger values. In the
later half, oxidation becomes more prominent over surface growth as seen by a decrease in larger diameter
particles. This eventually decreases the diameter of soot particle and produces a narrow diameter PDF with
time.

The axial variation of the soot diameter gives us important insights about the maturity of the soot particles along
the direction of the spray. Figure 19 depicts the axial variation of the spatially-averaged (along the horizontal
plane) diameter PDF in 21% O, configuration at three different axial locations (36 mm, 45 mm and 60 mm). The
colored dots in the plot represent the planar mean of soot diameter at these locations. The legend contains the
experimentally planar mean of soot diameter as measured by Cenker et al. [57] at these locations. The
numerical planar-averaged diameter is within 30% of experimental data of the experimental data. The locations
are chosen to represent different segments of the soot formation zone. The 36 mm location marks the start of
the soot formation zone and 60 mm location represents the peak soot formation zone as seen in Figure 6. The
bimodal nature of the diameter PDFs are more pronounced in the downstream than the upstream locations. The
magnitude of the peaks decrease and the shape of the profiles shifts towards larger particles at the 60 mm
location. This points to the dominance of surface growth and coagulation at this location.

5. Conclusions

A comprehensive numerical study has been conducted on ECN spray-A combustion chamber with detailed
chemistry, detailed radiation solver, and different soot models for different initial O, concentration in the
ambient mixture. The numerical results are validated with liquid penetration length, vapor penetration length,
ignition delay (ID), lift-off-length (LOL), and global soot mass. The soot and NOx formation behaviors are carefully
investigated to see how they change with radiation and initial O, configurations. The soot diameter distributions
are also examined and compared with the experimental data. Some key observations of the present study are
stated below.

o The effect of radiation is negligible on the average temperature and pressure of the spray-A combustion
chamber.
e Effect of spray and gas phase radiation on soot is minimal in ECN spray-A combustion chamber.



As O, percentage in the ambient mixture increases, the peak soot volume fraction also increases.
MOMIIC shows significant sensitivity towards the O, concentration.

Both Radiation and amount of O; has noticeable effect on NO production. In- crease in O, percentage
increases NO. Radiation causes change in local temperature distribution, which in turn reduce NO
production throughout the domain.

The gas-phase radiation has more effect on NO formation than the spray-phase radiation.

Both location and diameter distribution of the soot particles are affected by the initial O, percentage in
the ambient mixture. The mean soot diameter increases with increase in O, percentage.

The diameter distribution becomes wider with the increase of oxygen percentage in ambient mixture.
Surface growth and coagulation becomes dominant down- stream, away from the nozzle. Oxidation
starts to dominate after the end of spray injection.
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Table 1.: Summery of numerical models and parameters used in the current study

Physical Process

Formulation

Models

Co-efficient Values

Turbulence

URANS [18]

k — € model

Ca=1.55[20], C,=0.09, Cr2=1.92, Ce3=-
0.33, 0,=1.00, 0=1.30

Combustion

Partially Stirred Reactor (PaSR)

Cmi)( = O. 1

Fuel Spray

Stochastic Lagrangian
Parcel [21]

Blob atomization and Reitz-Diwakar
secondary break-up model[21]

LBU::L.O, Cbgg:6.0, Cb:O.785, Cstripzo.s, Cs
=9.00

Gas Phase Thermo-
chemistry

Ideal Gas Mixture

54 species n-dodecane [23]
(augmented with thermal NO)

Soot

Semi-empirical two-equation model [27],
and MOMIC [28, 59]

Initial k and €

k =0.25 mz2/s2 [8]
and € =41 m2/s3[8]
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Figure 3.: Temporal evolution of temperature difference due to (a) all (spray and gas-phase) radiation, (b) spray-
phase radiation only, (c) gas-phase radiation only and (d) temperature contour with and without radiation at 5
ms for 21% O, percentage.
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Figure 6.: Soot volume fraction contours with and without radiation for 21% O, case with MOMIC at 5 ms
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Figure 10.: Soot volume fraction contours across different O, percentages using (a) two-equation soot model, (b)
MOMIIC at 5 ms and (c) experimental quasi-steady soot volume fraction (adapted from [6]).
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Figure 15.: PDF of soot diameter with different initial O, configurations at 5 ms.
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Figure 18.: Evolution of PDF of soot diameter with time at 21% O; case; (a) during injection, (b) after the end of

injection
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Figure 19.: Planar-averaged PDF of soot diameter for 21% O, configuration at different axial locations. The dots
represent the computed mean diameter. The experimental mean diameter [57] is noted in the legends.
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