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A B S T R A C T

In this work, we numerically investigate the potential of glycerol as a diesel fuel additive to reduce
soot emissions. Many different fuel additives offer environmental benefits, since there is a surplus supply
of glycerol as a by-product of biodiesel production, it is considered as a promising available candidate.
The combustion process of glycerol in a direct injection compression ignition engine has been previously
investigated experimentally for a 10 % (vol) glycerol emulsion. Based on the experimental set-up, a zero-
dimensional Stochastic Reactor Model (SRM) is constructed to conduct numerical analysis with a detailed
chemical mechanism for the combustion of hydrocarbon and oxygenated fuels. Applied models are presented
and discussed with a focus on the characteristic mixing time scale of micromixing closure which is calculated
using a 0D 𝑘-𝜖. The model constants are optimized to the analysed engine with the aid of a genetic algorithm
and the sensitivity analysis is presented. For both fuels, emissions of major species are reproduced well but NO𝑥
results are slightly overestimated. Emissions of carbon monoxide are predicted well for the reference diesel
fuel, but the SRM does not capture the trend of increased CO with glycerol emulsion. The stochastic nature
of the model is used to represent the mixture inhomogeneity, and the results are analysed using equivalence
ratio–temperature plots to identify soot promoting conditions. The evolution of selected soot precursor and
oxidizers is analysed, showing the capability of glycerol to reduce the former and increase the latter with
a moderate effect. Soot formation and decomposition rates are presented, with very similar behaviour for
both fuels. A shorter combustion phasing for the glycerol emulsion was observed and identified as the main
contributory factor that led to the soot reduction while the chemical effect i.e oxygen content of the glycerol
was present but not the dominant factor. The soot model results do not provide any evidence for the origin
of experimentally observed small-sized particles, but it is discussed that the emissions results indicate the
presence of low volatile compounds that could condense in the exhaust system.
1. Introduction

In diesel engines, particulate matter (PM) and nitrogen oxides (NO𝑥)
emissions are a big concern. The non-premixed combustion nature in
Direct Injection Compression Ignition (DICI) engines imposes the prob-
lem of searching for a compromise between PM and NO𝑥 production.
This compromise can be achieved by implementing new combustion
modes using Low-Temperature strategies [1] such as Homogeneous
Charge Compression Ignition (HCCI), Reactivity Controlled Compres-
sion Ignition (RCCI), partially-premixed compression ignition (PPCI),
or Gasoline Compression Ignition (GCI). Emissions reductions can also
be achieved by introducing new sustainable fuels, or fuel additives [2].
Fuel additives can be added to promote combustion processes, such as
octane number improvers (used in SI engines to run at high compres-
sion ratios); oxygenated additives, used to assist in PM suppression or
as corrosion inhibitors [3].
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Wider utilization of bio-based energy carriers results in large num-
ber of different liquid biofuels and their by-products. Biodiesel fuels
are reported to have a positive trend in emission reduction but with
some concern about increased number of small particles [4]. In general,
so-called oxygenated fuels i.e. whose molecule contains oxygen atoms,
poses advantageous properties. Fuel additives which increase fuel-born
oxygen have been investigated as well. For example, Rounce et al. [5]
have shown that dimethyl carbonate (DMC) reduced THCs, CO, and
PM by up to 50% with a blend of 96% diesel and just 4% DMC by
mass. Kozak et al. [6] studied the influence of oxygenated diesel fuels
on PM/NO𝑥 emission trade-off. They pointed out that the reduction
in PM emissions does not depend only on the oxygen content in fuel
but also on the oxygenate type and its properties. They concluded that
diethyl maleate, dimethyl carbonate, and diethyl carbonate had been
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the most promising oxygenate compounds as blending components in
diesel fuel. Recently, Sidhu et al. [7] presented an experimental study
on performance and emissions of diesel–biodiesel blends and their
emulsions with glycerine.

The increased production of biodiesel over the previous years led
to a surplus of the glycerol by-product [8]. This glycerol is refereed
to as crude glycerol and will contain many impurities associated with
the transesterification process [9]. Glycerol is the pure chemical com-
pound 1,2,3 propanetriol, while ‘‘glycerin’’ usually applies to a purified
commercial product with contents of higher than 95% glycerol. Many
grades of glycerin are commercially available; obtained after removal
of salts, methanol, and free fatty acids. In most commercial applications
the quality of glycerin must be improved until it has an acceptable
purity that is completely different from those obtained in biodiesel
facilities [10].

Recently Nda-Umar et al. [11] reviewed options of potential usage
of glycerol to improve the overall economics of biodiesel production.
Conversion of glycerol to high-value products in biofuels, fuel additives
and other bio-based chemicals was considered. The use of glycerol
as a fuel or as a fuel additive is one of the viable and attractive
options. The challenge to utilize glycerol as a fuel additive is that it is
comparatively difficult to burn due in part to its low energy density, its
high viscosity, and high auto-ignition temperature. Relevant research
on the combustion performance of glycerol is required to facilitate its
future utilization as a fuel additive.

Eaton et al. [12] experimentally investigated a glycerol–diesel emul-
sion and characterized the resulting fuel properties. Emulsions with
10 and 20% content of glycerol were burnt in a naturally aspirated
single-cylinder diesel engine showing a reduction of NO𝑥 and PMs by
5–15 and 25%–50%, respectively. The work reported an increase in
fuel consumption, due to the reduced LHV of the emulsions compared
to pure diesel and an increase in the thermal efficiency at high loads.
Using constant volume reactor simulations, Jach et al. [13] studied
the effect of glycerol doping on the ignition delay times (IDT) and
laminar burning velocities of both diesel and gasoline fuels. They
shown that significant changes in IDT of n-heptane/glycerol mixture
(representing diesel fuel) can be observed when the molar fraction of
glycerol is higher than 50% and concluded that glycerol addition at
lower molar fractions should not have a detrimental effect on ignition.
Recently, Eaton et al. [14] investigated utilization and performance
of glycerol–biodiesel emulsion (23 wt% glycerol) in a one-megawatt,
six-cylinder marine engine. They have demonstrated that glycerol-
based emulsion fuel can be compatible with existing large-bore diesel
engines and can reduce the carbon footprint of marine propulsion
systems and stationary power generators. They have also pointed out
that glycerol significantly reduced observable smoke but led to an
increase in soot particles smaller than 2.5 μm. Recently, Emberson
et al. [15] examined combustion of diesel and glycerol emulsions under
compression ignition conditions to demonstrate potential to suppress
the soot formation. Their experiments were performed in an automotive
engine and in an optical combustion chamber. They have presented
soot emissions measuring exhaust particle size distributions but also
in-flame soot characteristics. Instead of utilizing crude glycerol, Szori
et al. [16] proposed to use glycerol carbonate as a more suitable
fuel additive. They have performed theoretical consideration showing
that glycerol carbonate decomposes mainly to carbondioxide and 3-
hydroxypropanal. Consequently, the higher concentration of aldehydes
potentially can have a considerable effect on soot reduction. On the
other hand, we expect problems in practical utilization of that fuel
additive due to difficulties in obtaining stable emulsion with standard
diesel fuel.

Various simulation methodologies can be applied to investigate the
influence of fuel additives on combustion performance and emissions
considering, both physical and chemical properties of the fuel. Methods
emulating realistic in-cylinder conditions where fuel performance can
2

be tested using detailed chemical kinetic schemes are especially at-
tractive. Commonly used constant pressure or constant volume reactor
approaches to mimic engine conditions have certain limitations. A more
sophisticated approach is to represent the in-cylinder gas as an ensem-
ble of notional particles within the Stochastic Reactor Model (SRM)
approach, which has been intensively developed in recent years [17–
22]. There are numerous studies using SRM to investigate novel fuels,
Matrisciano et al. [23] conducted an experimentally and numerically
investigation applying an SRM for diesel and biodiesel fuel blends in
a single-cylinder DI Diesel engine at one engine operating point. The
work showed that the DI-SRM is capable of simulating the Diesel engine
combustion process and accurately predicting exhaust emissions. Yasar
et al. [24] have used SRM in conjunction with experimental data to
investigate the performance of the HCCI engine. They achieved very
good in-cylinder pressure results compared to the experiment and rel-
atively well reproduced emission trends for several equivalence ratios.
Ahmedi et al. [25], using SRM, investigated premixed compression ig-
nition combustion mode. They employed a three component surrogate
model to simulate five different fuels, where the blending proportions
were based on the auto-ignition characteristics of the fuel used in the
experimental work. They reported that the model gave satisfactory
results in terms of in-cylinder pressure, heat release rate, combustion
phasing parameters, and pollutant emissions and provided a better
understanding of the PCI combustion process. Maurya and Mishra [26]
successfully used the SRM approach in their parametric study of dual
fuel (natural gas port injection and diesel pilot injection). The analysis
allowed them to identify best performing conditions. The same research
group also used an SRM to investigate a HCCI engine fuelled with
hydrogen [27] and ethanol [28] validating their new reduced chemical
kinetic schemes. Recently, SRM was also successfully employed to
investigate RCCI mode fuelled with n-heptane and iso-octane.

There is little literature on numerical studies of glycerol combustion
and, in particular, glycerol–diesel emulsion fuel. This study aims to help
fill that gap and demonstrate the use of SRM to simulate complex fu-
elling in realistic engine conditions. In this paper, engine measurements
from the glycerol experimental campaign described in detail by Ember-
son et al. [15] are adopted and further discussed. Since SRM has proven
its accuracy in predictions of combustion processes of various fuels in
internal combustion engines, it is a good candidate for being a valuable
part of the engine and fuel laboratory. This method was employed in
the present study, and its capabilities were further explored. The model
calibration procedure was presented based on available experimental
data of pressure trace and exhaust emissions. A parametric study was
performed to show the sensitivity of the model results to selected
model inputs. Owing to the stochastic nature of the model, mixture
inhomogeneity was taken into account, and using equivalence ratio–
temperature plots, we analysed a time evolution of selected mixture
properties under soot-promoting conditions. Interpretation of the re-
sults provided insight into the glycerol/diesel combustion process and
pollutants formation. The presented results consist of two series for
reference diesel and glycerol–diesel emulsion to show the effect of
glycerol addition, with particular attention paid to soot formation.

2. Experiment

2.1. Experimental setup

Measurements were conducted in a four-stroke, six-cylinder com-
pression ignition OM 613 Mercedes engine at speed 1800 rpm and
different loads. The engine specifications are given in Table 1. Analysed
cases considered the engine with turbo charger applied with no EGR,
operating in single injection mode. The injection timing was adjusted
to provide CA50 at the same location for all the cases, i.e. at ca. 1 CAD
after TDC.

PM emissions were collected using a differential mobility spectrom-
eter (Cambustion DMS500) Particle sizes could be measured in the
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Table 1
OM 613 Mercedes engine specification.
Number of cylinders 6
Stroke 88.3 mm
Bore 88 mm
Compression ratio 18:1
Displacement volume 3.2 l
Injection system Mechanical direct

Fig. 1. Particulate matter size distribution for the reference diesel and 10% glycerol
emulsion at three different loads.

range of 5 nm to 1 μm. Gaseous emissions were measured with a
oriba Gas Analyser MEXA-ONE-RS, including oxygen, carbon dioxide,
arbon monoxide, nitrogen monoxide, nitrogen dioxide (NO𝑥) and total
nburned hydrocarbons (THC).

Two fuels were investigated at loads 20 Nm, 50 Nm, and 80 Nm.
or the reference cases, certified diesel fuel was used (EN 590 reference
iesel, Coryton Fuels), further referred to as REF. A glycerol emulsion
as prepared with 10% (vol) of glycerol, 1% (vol) of surfactant (Span
0 and Tween 80 with a lipophilic–hydrophilic balance of HLB = 6.4),
nd 89% (vol) reference diesel denoted further as G10. Exhaust gas
mission measurements and a combustion pressure trace were used for
RM calibration (shown in Section 4.2). Complete and detailed descrip-
ion of the experimental campaign has been presented previously by
mberson et al. [15].

.2. Soot measurements

In Fig. 1 particle size distribution (PSD) is presented for the six
onsidered cases. Two main conclusions may be drawn. Firstly, as
epresented by a dashed lines, glycerol PM emissions are lower than
or reference cases for particles larger than 20 nm. However, a high
umber of small particles with sizes between 4–10 nm is observed,
videnced by a peak of two orders of magnitude higher than that of
arger particles. Such a peak is not present in the reference cases at all.

bimodal trend in particle size behaviour has been observed previously
or diesel [29–31], heavy-duty natural gas [32] or GDI engines [33],
owever, the peak of nucleation mode particles was still of the same
rder of magnitude as the accumulation mode particles and was related
o the engine operation rather than the fuel composition effect. In the
resent case, these particles’ origin is believed to have been related
o the presence of glycerol [15]. Exhaust particulate emissions were
ampled on a glass fibre filter with engine torque of 50 Nm at the partic-
late matter analyser’s location. The reference case sample was black,
hereas the colour of the G10 sample was brown. It was concluded

hat G10 particulate emissions must contain a more significant fraction
f non-soot particles, since soot is regarded as black. The large peak of
mall particles is an issue that has to be considered. If the particles are
mall solid soot particles, they are especially harmful to human health
ue to their penetration ability. If however being volatile compounds,
3

hey feature enhanced combustion resistance. r
In order to determine soot mass concentration, we have employed
he concept of effective density, defined as the mass of a particle
ivided by the volume of a sphere based on the mobility diameter 𝑑𝑚.
aricq and Xu [34] showed that the effective density can be expressed

s

𝑒 = 𝜌0

(

𝑑𝑚
𝑑0𝑒

)(𝑑𝑓−3)
, (1)

where 𝜌0 is the primary soot density set to 2 g/cm3, 𝑑0𝑒 is an effective
primary particle diameter and 𝑑𝑓 is the fractal dimension. The two for-
mer parameters are selected to fit the experimental data. This approach
using 𝑑𝑓 = 2.3 and 𝑑0𝑒 = 20 nm has also been recently used by, e.g. Kim
et al. [35] who analysed characteristics of nanoparticle emission from a
light-duty diesel vehicle during test cycles simulating urban rush-hour
driving patterns.

The resulting mass concentration distribution is shown in Fig. 2,
where the effect of soot reduction is observed. It is clear that the large
peak of small particles observed with G10 contributes little to the total
soot mass. However, the small difference in the number of the largest
particles (∼ 103 nm) reveals that the G10 produces a greater mass of
the largest particles compared to REF fuel. Nevertheless, as shown on
the bar plots on the right-hand side of Fig. 2 glycerol addition led to
33%, 45% and 26% total soot mass reduction for 20 Nm, 50 Nm and
80 Nm cases, respectively.

3. Modelling approach

3.1. Stochastic Reactor Model

A challenge in numerical simulations of various combustion pro-
cesses comes from the complexity of the turbulent flow, chemical
reactions and their mutual interactions. Different modelling approaches
and simplifications are employed to solve this problem [36]. When
focusing on pollutant emissions accurate treatment of chemistry is a pri-
ority. Therefore, simulating turbulent reactive flows with the method of
transported Probability Density Function (PDF) [37] where the chem-
ical source term does not require modelling is favourable. However,
the complex physics of mixing in turbulent flows remains a challenging
part to model [38]. Additionally, a tremendous computational cost of
3D CFD calculations, including detailed chemistry, inhibits analysis
in practical applications investigating different fuel types and blends.
Instead of full-dimensional analysis, a simplified 0D SRM approach
developed for the simulations of Internal Combustion (IC) engines can
be employed [17]. Due to the dimension reduction of the problem,
some IC engine behaviours have to be emulated and calibrated with the
aid of experimental data such as combustion in-cylinder pressure trace.
However, thanks to the statistical nature of the method, the effects
of inhomogeneities and turbulence are still captured. A gas mixture
in an engine cylinder in the DI-SRM approach [18] is considered as
an ensemble of notional particles which represent a one-point and
one-time PDF for a set of scalar variables (species mass fractions and
enthalpy). The numerical solution of the PDF equation is obtained
using the Monte Carlo method with an operator splitting technique
to calculate each submodel equations separately using the LOGEsoft
computational code [39].

The composition PDF transport equation excluding radiative heat
transfer and spatial derivatives can be written in the following form
[37]:
𝜕𝜌𝑓𝜙
𝜕𝑡

+ 𝜕
𝜕𝛹𝑘

(

𝜌𝑆𝑘𝑓𝜙
)

= 𝜕
𝜕𝛹𝑘

(

𝜌
⟨

1
𝜌
𝜕𝐽𝑘,𝑖
𝜕𝑥𝑖

|

|

|

𝛹
⟩

𝑓𝜙

)

, (2)

where 𝑓𝜙 is the single-point, joint PDF of species composition and
enthalpy (𝜙 is the vector of composition variables), 𝛹 are the sample-
space variables corresponding to 𝜙, 𝐽𝑘,𝑖 is the molecular flux of species/
nthalpy. On the left-hand side of Eq. (2) the first term is the unsteady
ate of change of PDF and the second term represents the change
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Fig. 2. Particulate matter mass concentration distribution for the reference diesel and 10% glycerol emulsion at three different loads (left). Total PM mass concentration (right).
in composition space by different sources. In the DI-SRM approach,
to mimic characteristic engine processes, this term accounts for the
volume change due to a piston movement, fuel injections, heat transfer,
and chemical reactions [18,23]. The right-hand side term corresponds
to molecular mixing and requires modelling closure, usually with the
so-called micro-mixing model [38]. The great advantage of this ap-
proach is that the chemical source term appears in a closed form and
does not require any model. On the other hand, the disadvantage comes
when we look at the number of independent variables (𝑁𝜙 + 4). Due
to the high dimensionality of PDF transport equations, solving them in
the full space, with, e.g. finite volume method, is impracticable [37].
Therefore, there are several ways to discretize and solve Eq. (2) and
can be classified as Lagrangian or Eulerian. In general, the transported
PDF methods originated from the work of Pope [40] and an exhaustive
review can be found in the work of Haworth [37].

Micro-mixing closure is responsible for appropriate mixing in the
composition space. Commonly used models are Interaction by Ex-
change with the Mean (IEM), Curl mixing or Euclidean Minimum
Spanning Tree (EMST) model and are applicable to SRM particle mixing
closure. Regardless of the employed approach, the characteristic mixing
time scale, understood as a measure of mixing or turbulence intensity
is required as an input parameter. It is an ambiguous problem in a
zero-dimensional approach; thus, the assistance of, e.g. CFD simulations
would be beneficial [41]. Knowing that the level of turbulence changes
in time and is different with engine geometry and with engine speed,
4

one can develop simplified approaches to describe this effect. The
simplest is to set a single uniform value of mean mixing time as, e.g. in
Yasar et al. [24] in conjunction with the localness mixing model (LMM).
Korsunovs et al. [21] have used two parameters conversion from turbu-
lence timescale to mixing time scale approach, where one constant was
the scaling factor during the injection event and the second one during
the rest of the cycle. Pasternak et al. [42] proposed a more elaborated
model with parametrized mixing time for the DI-SRM approach, where
the model distinguishes between four different phases. Later the model
has been assessed and compared against the results from 3D CFD
simulations of diesel engine cases showing good performance [19].
Also, Ahmedi et al. [25] adopted the parametrized mixing time model
for combustion simulations in a premixed compression ignition (PCI)
engine using DI-SRM and three components surrogate model. Recent,
and so far, the most realistic model to obtain mixing time in the context
of DI-SRM was presented by Franken et al. [20] based on the so-called
phenomenological 𝑘-𝜖 model introduced by Kozuch [43]. The change of
the turbulence kinetic energy over crank angle is solved in the following
form:

𝑑𝑘
𝑑𝜙

=
(

− 𝐶𝑑𝑒𝑛
2
3

𝑘
𝑉𝑐𝑦𝑙

− 𝐶𝑑𝑖𝑠𝑠
𝑘3∕2

𝑙
+
[

𝐶𝑠𝑞
𝑘3∕2𝑠𝑞

𝑙

]

𝜙>𝑇𝐷𝐶

+ 𝐶𝑖𝑛𝑗
𝑑𝑘𝑖𝑛𝑗
𝑑𝑡

+ 𝐶𝑠𝑤
𝑐3𝑚
𝑙

)

1
6𝑛

, (3)
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where 𝑘 is the turbulence kinetic energy, 𝜙 is the crank angle, 𝑉𝑐𝑦𝑙
is the instantaneous cylinder volume, 𝑐3𝑚 is the mean piston velocity,
and 𝑙 is the length scale proportional to the cylinder volume [20].
Parameters 𝐶𝑑𝑒𝑛, 𝐶𝑑𝑖𝑠𝑠, 𝐶𝑠𝑞 , 𝐶𝑖𝑛𝑗 and 𝐶𝑠𝑤 have to be calibrated for the
considered case and preferably be constant for the same engine. Then,
the turbulence time scale is obtained as:

𝜏 = 𝐶𝜏
𝑘
𝜖
, (4)

where 𝐶𝜏 is another scaling parameter and 𝜖 is calculated as:

𝜖 = 𝑑𝑘
𝑑𝑡

= 𝐶𝑑𝑖𝑠𝑠
𝑘3∕2

𝑙
. (5)

Eventually, needed in micro-mixing closure scalar mixing time scale is
obtained as:

𝜏𝑚𝑖𝑥 = 𝜏
𝐶𝜙

, (6)

where 𝐶𝜙 is the mixing model constant usually set to 2.0 [20,37].
Finding the six mentioned above parameters is the crucial part of the
model calibration and will be presented in Section 4.2.

3.2. Soot modelling

Soot formation in hydrocarbon combustion is the consequence of
several local chemical and physical processes. Aromatic rings are re-
built in the gas phase after the initial decomposition and oxidation
of hydrocarbons in rich regions. In chemical models, the reforma-
tion of benzene (C6H6) can be described using reaction pathways of

3 [44], and C4 [45] species in combination with the restructuring
f the molecule, also referred to as cyclization [46]. Planar polyaro-
atic hydrocarbons (PAH) grow mainly via acetylene (C2H2) addition

from those first aromatic rings. In detailed chemistry models, the
growth is described using the hydrogen-abstraction–acetylene-addition
(HACA) mechanism [47] with separate ring closure [46]. If hydrogen
bonds connect two planar PAH molecules to form a spherical three-
dimensional structure, a solid soot nuclei is formed. Soot nuclei can
grow further by heterogeneous reactions with C2H2 from the gas phase
(surface growth), by condensation of further PAH on the nuclei surface,
and coagulation with other soot nuclei. After reaching a certain size, the
soot particles will agglomerate instead of coagulating. Simultaneously
with the growth of PAH and the soot surface, decomposition via oxida-
tion by oxygen (O2) and OH radicals, as well as the abstraction of C2H2
(fragmentation) take place [46]. While the PAH and soot formation
occurs in rich regions, the decomposition is located in lean regions.
The DI-SRM allows considering this local dependency on equivalence
ratio, temperature and available species [19]. Since glycerol is not a
common fuel additive, the literature lacks a fully validated reaction
mechanism for soot prediction employing glycerol. Therefore, an es-
tablished benzene ring and PAH growth mechanism [46,48] for the
use in Diesel combustion is applied. Crucial species and the impact
of the exposure to soot forming conditions are analysed first. C6H6
provides information on the potential of PAH growth. C2H2 is analysed
regarding the potential to contribute to PAH and soot surface growth.
The amount of C16H10 indicates how many soot particles could be
formed since for particle inception or nucleation, the minimum number
of aromatic rings is four [49]. The concentration of O2 and OH is
discussed to understand how much of the grown PAH and soot can be
oxidized. Next, the detailed kinetic soot model was employed and the
results were analysed as well. The Methods of Moments (MoM) from
Mauss [46] was used and its implementation in DI-SRM context was
presented by Pasternak et al. [19]. Soot source terms were calculated
using two soot moments with a fractal dimension of 2.3 [35].
5

Table 2
Composition of four component surrogate formula-
tion for diesel fuel in mole fractions.
n-hexadecane 0.496
heptamethylnonane 0.257
tetralin 0.176
1-methylnaphthalene 0.061

3.3. Simulation set up

A commonly used surrogate formulation for diesel fuel is n-heptane
due to its similarities to real diesel fuels in terms of cetane number
(CN) which should ensure similar autoignition behaviour [19]. How-
ever, drawbacks of using n-heptane are differences in liquid properties
with respect to real diesel and deficiency from not capturing the
effects on autoignition and pollutant formation from larger molecules.
In this work, we have employed a more accurate surrogate repre-
sentation consisting of four components: n-hexadecane, heptamethyl-
nonane, tetralin, and 1-methylnaphthalene (see Table 2) obtained with
analogous methodology as presented in [50]. In many previous SRM
studies on diesel fuels [19,20,23] the mechanism given by Seidel
et al. [51] proved to provide satisfactory results. It consists of 56 species
and 206 reactions and is dedicated to n-heptane combustion. This
mechanism provides a good compromise between chemical complexity
and computational effort required in 0D SRM simulations. However,
the mentioned mechanism does not contain glycerol kinetics and all
components from the selected surrogate formulation. Jach et al. [13]
pointed out that the glycerol properties make it challenging to pursue
experiments in a shock tube or rapid compression machine, thus liter-
ature lacks this type of data. Therefore, there is not many chemical
kinetics for glycerol combustion, so we chose a complete chemical
mechanism for the combustion of hydrocarbon and oxygenated fuels
from Ranzi et al. [52], which includes 484 species and 19341 reac-
tions. The employed glycerol part of the chemical mechanism has been
validated for experiments with glycerol pyrolysis [53], and combustion
of propanol–glycerol mixture droplets under reduced-gravity from Dee
and Shaw [54].

As mentioned earlier, in 0D SRM simulations, critical in-cylinder
processes included in the PDF equation have to be emulated or mod-
elled. Volume change due to a piston movement is straightforward and
depends on the engine speed and geometry. Heat transfer to the wall
was calculated with the Woschni’s model. Fuel injection was simplified
in this study by injecting fuel in a gaseous phase with injection time
adjusted to match a heat release rate slope. For micromixing closure
for particle interactions, the EMST model was used, which accounts
for localness mixing criteria in the sense that particles with similar
properties (neighbours in the scalar space) can interact with each other.
The comparison with simpler Curl mixing model made by Franken
et al. [20] has shown that EMST provided much more realistic results
in heat release rate and scatter data in T-𝜙 map. Micro-mixing depends
on turbulent mixing time, and its modelling in 0D simulation remains
the most challenging part of the SRM approach.

In this work, we have employed the 0D 𝑘-𝜖 model adjusted to the
SRM simulations to obtain more physical mixing time profiles than
often applied in simplified approaches when mixing time is constant
or manually constructed based on specified parameters. This model
is dependent on five constants, which should be calibrated for the
investigated engine and are kept the same for all operating conditions.
These constants determine the 𝑘 solution obtained with Eq. (3) and thus
the shape of the mixing time profile. The mixing time optimization
process was performed using 200 particles, CAD time step set to 0.5
and just one engine cycle. Table 3 presents the final calibrated DI-SRM
model setup parameters where 20 engine cycles were simulated with
the number of stochastic particles increased to 1000. Both optimization
and analysis were performed employing online chemical kinetics calcu-

lations without tabulation. Sensitivity analysis for the turbulence model
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Table 3
DI-SRM model setup during optimization(𝑎) and full run(𝑏).
Mixing model 1D EMST

Number of particles 200(𝑎)/1000(𝑏)

Number of cycles 1(𝑎)/20(𝑏)

Time step size [degCA] 0.5
Heat transfer model Woschni
Woschni 𝐶1 2.28
Woschni 𝐶2 0.0035

constants is presented in Appendix. A relatively small change in the
results due to the modifications also indicates a satisfactory calibration
process. Recently, Korsunov et al. [21] performed the analysis aiming
for an optimal trade-off between the NO𝑥 emissions and physical in-
cylinder measurements accuracy, pointing out critical sensitivity to
the input parameters and modelling conditions. We can confirm this
observation, and the impact of initial pressure, temperature, injected
fuel mass, injection timing, and the level of internal EGR was assessed,
and the results are included in the sensitivity analysis in Appendix.

4. Numerical results

4.1. Constant pressure reactor simulations

At first constant pressure reactor simulations have been performed
to investigate the effect of chemical kinetics. Several cases, correspond-
ing to the given in-cylinder engine conditions have been simulated
and the results of CO as well as C2H2 as a soot precursor have been
compared between the reference diesel and G10 emulsion. A similar
chemical kinetics study under relevant conditions showing the effect of
glycerol addition on the missions has been presented previously in [15].
They have employed n-heptane as a diesel surrogate and used different
chemical schemes and reported a small increase in CO and a decrease
in selected soot precursors. The glycerol addition did not influence the
emissions dramatically and as shown by the results presented in Figs. 3–
4 changes in equivalence ratio, temperature or pressure conditions
can alter the results to a larger extent than the fuel composition. At
higher temperatures the effect of equivalence ratio and pressure is
much stronger than the chemical. However, at lower temperatures (see
𝜙 = 0.25 and𝑇 = 800 K) the chemical effect can be comparable to the
hange in pressure of few bars.

.2. SRM calibration

A number of simulations have been performed to carry out the
RM calibration procedure [20]. The priority was to find the same set
f turbulence model parameters for all loads, matching experimental
ressure traces. Only 𝐶𝑖𝑛𝑗 parameter determining minimum value of
he mixing time had to be adjusted in every case to properly capture
he pressure peak, yet having a minimal impact on the mixing time
rofile shape (see Fig. 7 right). The final set of parameters used in the
-𝜖 turbulence model are shown in Table 4. Comparison of numerical
esults and experimental data used for calibration is presented in Fig. 5
howing good agreement for all considered cases. Additionally, in Fig. 6
xperimental and numerical data of heat release rate are presented for
ach load comparing the two fuels, where it can be observed that G10
esults are characterized with later ignition than the REF case. The
xperimental peaks of the heat release rate are higher for G10, and the
rofiles drop simultaneously as for the REF cases that indicate shorter
ombustion phasing. Similar observation can be made comparing the
RM RoHR profiles with the restriction that the numerical peak values
re slightly lower than the experimental ones, and for medium and
igh loads, G10 peaks are at the same level as in the REF cases.
ig. 7 shows comparison of the temperature, pressure and mixing time
cale results obtained with SRM for the two fuels at three different
6

Table 4
Final calibrated DI-SRM turbulence model parameters.

Parameter 𝐶𝑑𝑒𝑛 𝐶𝑑𝑖𝑠𝑠 𝐶𝑠𝑞 𝐶𝑖𝑛𝑗 𝐶𝑠𝑤 𝐶𝜏

Value 1.5 2.0 1.0 2.4–18.0 8.0 0.5

loads. It is noticeable that the maximum pressures and temperatures are
higher for glycerol cases at the same load. This effect is also observed
for experimental pressures, that can be a consequence of the higher
injected mass of G10 emulsion. Available temperature profiles are
obtained numerically only, and the maximum values are higher for the
G10 cases but shortly after reaching the peak, the temperature drops
slightly below the temperature for the reference diesel cases. Looking
at the exhaust emissions shown in Fig. 8, measured NO𝑥 values are
approximately at the same level for both REF and G10 fuels, whereas
numerical values indicate higher NO𝑥 emissions for G10, that can be
linked to the higher maximum temperatures. Otherwise the trend in
NO𝑥 emissions was captured very well. From previous research on
glycerol emulsion combustion in CI engine conditions, it is expected
that glycerol addition will result in incomplete combustion [7,12,15].
Consequently, an increase in CO emissions is expected, most evident
at low load conditions as shown in the experimental data in Fig. 8
(bottom left). This trend is not captured by the SRM model, and as
shown in Fig. 3, it is also not dependent on the chemical kinetics.
Sidhu et al. [7] pointed out that the higher viscosity of glycerol can
reduce the fuel spray atomization and consequently increase the CO
emissions. The model used here does not account for the fuel spray
and atomization, which can explain why the effect of increased CO
emissions with G10 was not captured. Major species emissions i.e. O2
and CO2 were predicted with good agreement to the experimental data.

4.3. Soot predictions

The SRM has a significant advantage over, other 0D models in that
it accounts for scalar inhomogeneities in the in-cylinder gas mixture.
For each stochastic particle at each time step, scalar values can be
shown in the scatter plots representing the inhomogeneous mixture to
identify conditions promoting pollutant emissions, i.e., NO𝑥 or soot. T-
𝜙 maps analysis, similar of that based upon 3D CFD simulations can
be presented [55], but with possibility to use a much larger chemical
mechanism. Fig. 9 shows scatter plots of temperature and equivalence
ratio values in stochastic particles between −5 CAD to 15 CAD aTDC
for a representative simulation cycle. In the figures, results of REF
and G10 emulsion are compared for the three loads. The shaded area
indicates the soot formation region. To identify how many and for
how long the particles reside in the soot region, the plots in Fig. 10
present the number of particles in the soot region plotted over time.
Each symbol represents a stochastic particle with a given index (which
counts particles from the soot region) at a given time step. The top plots
show the count of particles in the soot region for each time step. Thus,
for example, we can learn from the plot for 20 Nm case that for the fuel
REF, the particle with the index ‘‘0’’ stays in the soot region for three
time steps from −1.0 CAD to 0 CAD aTDC and that at the time of −1.0
CAD aTDC there are 15 particles in the soot region for REF fuel and
none for G10 fuel. All the plots indicate that with increased load more
significant fraction of in-cylinder gas, indicated by a larger number
of particles, passes through the soot promoting region. For all loads,
the total number of particles with equivalence ratio and temperature
relevant for the soot production is larger for the REF fuel than for
the G10 cases. At the same time, we can see that for the G10 cases,
particles enter the soot region with some delay with respect to the REF
case and stay there for a shorter period. This behaviour correlates with
longer ignition delay time and shorter combustion phasing observed
by comparing the rate of heat release between REF and G10 shown in

Fig. 6.
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Fig. 3. Results from chemical kinetic simulations performed for constant pressure reactor at different conditions. Plots shows mole fraction of CO, where red lines represent
simulation results from mixture of reference diesel, whereas the green lines represents 10% glycerol mixture. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
Fig. 4. Results from chemical kinetic simulations performed for constant pressure reactor at different conditions. Plots shows mole fraction of C2H2, where red lines represent
simulation results from mixture of reference diesel, whereas the green lines represents 10% glycerol mixture. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
Fig. 5. Comparison of experimental and DI-SRM simulation cylinder pressure and heat release rate for reference diesel and glycerol emulsion fuelled cases at three loads 20 Nm,
50 Nm, 80 Nm.
7
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Fig. 6. Comparison of the experimental (top row) and numerical (bottom row) heat release rates between the two fuels for each load.
Fig. 7. Comparison of the pressure, temperature and mixing time for the REF and G10 fuels at the three different loads.
The shorter combustion phasing is also visible in the concentration
of selected species time evolution shown in Fig. 11 in the units of
parts per million (molar based). Solid red lines denote total concen-
trations for REF cases, whereas dashed lines represent concentrations
of selected species counting only the particles from the soot region.
Similarly, dashed–dotted green lines represent G10 cases counting the
total concentration, whereas dotted lines show the respective concen-
trations only for the soot region particles. It is prominent that nearly
all available C2H2 soot precursor is present in the particles under
soot promoting conditions. We can see that the C2H2 peak value is
always lower for G10 emulsion than for REF fuel, but the difference
is smaller for higher loads. Simultaneously, the period where these
soot precursors are present is slightly shorter for cases fuelled with
G10. Concentrations of the hydroxyl radical known as soot oxidizer
are presented in the second row in Fig. 11. For the low load case
(20 Nm), the total OH concentration peak is distinctly higher for G10
emulsion than for REF fuel, but in the soot region, the OH peaks
for the two fuels are at the same level for all loads. It is interesting
to note that for G10 cases, the total concentration of OH in all the
8

particles starts to increase later than for REF cases but it peaks earlier.
Moreover, in the particles which were in the soot favourable conditions,
OH concentrations grow and peak earlier than for REF cases. The total
concentration of oxygen over time in all the particles is very similar for
both fuels. Some variations of O2 concentrations can be observed in the
‘‘sooting’’ particles shown in the bottom row of Fig. 11, where O2 drops
to zero during the intense period of combustion for both fuels, but for
G10 it starts to increase earlier and is higher until 40–60 CAD aTDC.
However, it should be pointed out that after 10 CAD aTDC none of the
particles remains in the soot favourable conditions, and the majority of
the in-flame soot is already oxidized, which will be shown in Fig. 12.

Fig. 12 shows soot mass formation and destruction rates. Soot
formation mechanisms concerns nucleation, condensation and surface
growth. The process of soot coagulation and agglomeration are consid-
ered, but they contribute to the number of soot particles and do not
change the total soot mass, so it is not presented. Peaks of formation
rates due to surface growth and condensation for both fuels at 20 Nm
load are almost at the same level, whereas for the medium and high
loads, they are slightly larger for the G10 emulsion. The nucleation
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Fig. 8. Exhaust emissions of O2, CO2, CO and NO𝑥 emissions. Experimental measurements for the three loads fuelled with the reference diesel and glycerol emulsion are compared
with numerical SRM results and presented as mean values over twenty cycles. Error bars in CO and NO𝑥 numerical results denote maximum and minimum values over all the
cycles.
Fig. 9. Scatter plots representing equivalence ratio and the temperature for each stochastic particle between −5 CAD to 15 CAD aTDC for REF and G10 cases.
Fig. 10. Count of stochastic particles residing in the soot production region shown in the T-𝜙 map at each time step for the two fuels.
rate peak at high load is twice as high for REF case as for G10,
but they are at the same level for the two lower load conditions.
The nucleation peak of the REF fuel is always earlier than for G10,
which correspond to the longer effective ignition delay time observed
experimentally [15]. Peaks of surface growth and condensation rates
correlate well with peaks of PAHs (A3R5- or A3R5) and acetylene
9

(C2H2), which is related to the surface growth mechanisms driven
by the hydrogen abstraction acetylene addition (HACA) [47] with a
separate ring closure (HACARC) [46]. Similar observations can be made
for the destruction rates, where soot oxidation due to heterogeneous re-
actions with molecular oxygen is the same for the two fuels for all loads
and oxidation with the hydroxyl radical is higher with G10 at medium
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Fig. 11. Concentration in parts per million (molar based) of C2H2, OH and O2 for the two investigated fuels and the three loads. Data series denoted with ‘‘all’’ consider concentration
over all stochastic particles, whereas data series denoted with ‘‘soot’’ consider concentrations calculated for the particles, which were in the soot favourable conditions.
Fig. 12. Mean soot formation and destruction rates for the two fuels and three loads. Soot formation is accounted by nucleation (zoomed inset) surface growth and condensation.
Destruction rates are composed of oxidation with OH, O2 and fragmentation (zoomed inset).
and high loads. Fragmentation, which is a soot destruction process of
abstracting an acetylene molecule from the soot surface whose rate is
three order of magnitude lower than the oxidation processes, as shown
in the zoomed inset in Fig. 12 (bottom row), is slightly higher for G10
at all loads.
10
Fig. 13 shows the comparison of mean soot mass fraction distribu-
tion in the period between −5 CAD and 15 CAD aTDC for the REF fuel
and G10 at three different loads. Clearly, for all the conditions at any
time, the mean mass fraction of soot is lower for the fuel with glycerol
added. Also, the maximum soot mass fraction is higher for higher load,
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Fig. 13. Soot mass fraction evolution in time between −5 CAD and 15 CAD aTDC for the two investigated fuels and three loads.
Fig. 14. Soot mass fraction at the EVO averaged over 20 cycles for the REF and G10
fuels and three loads. Error bars denote maximum and minimum values over all the
cycles.

which correspond to the amount of mass present in the soot production
region shown in Fig. 10 at different loads. However, as presented in
Fig. 14 this tendency is not sustained for the emissions at the EVO,
and the values do not follow any specific trend correlated with the
load, which is in agreement with the experimental observation shown
in Fig. 2. The majority of the produced soot is oxidized, but the effect
of soot reduction with the use of glycerol is still evident. The highest
decrease in soot is observed for the low load, and for medium and high
loads some overlapping in error bars is present. The error bars mark
maximum and minimum mass fractions of soot at EVO during a single
cycle, and they indicate relatively large cycle-to-cycle variations in soot
predictions. All the results indicate that shorter combustion phasing
and lower mass fraction resided in the soot promoting region for the
glycerol cases played the major role in the soot reduction. However,
for the low load case, the soot precursors C2H2 were clearly at lower
level and hydroxyl radical concentration was at higher level for G10
compared to the reference diesel fuel case. This observation can explain
much higher soot reduction effect for the low load with respect to
medium and high load where the level of ethylene and hydroxyl radical
were very similar for the two fuels.

The employed soot MoM model does not predict PSD, thus is not
able to directly reproduce the data shown in Fig. 1 and explain the
nature of the large number of small size soot particles that were found
for G10 emulsion. Soot sectional method [56] would be better suited
to attempt that goal. Nevertheless, analysing the present soot model re-
sults, such as nucleation rates, could provide some helpful information
on differences in the soot production and destruction mechanisms, yet
it did not provide any evidence for the origin of the smallest particles.
On the other hand, comparing the ratios of mass fractions of the same
species between G10 and REF for the relevant loads, it was found that
besides unburned glycerol, its oxidation intermediate products such as
acetol and 3-hydroxypropanal were present in the exhaust only for G10
emulsion. Their boiling points are above or close to the exhaust gas
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temperature (∼ 440 K), thus they could condense and be detected by
the experimental equipment as tiny particles. This observation aligns
with the previous hypothesis supported by TGA analysis [15] of the
soot collected on a filter that the semi-volatile organic compounds have
started to condense, leading to the peak of sub 10 nm particles absent
in the pure diesel cases.

5. Conclusions

Numerical simulations using detailed chemistry to model multi-
component diesel fuel surrogate and its emulsion with glycerol have
been performed using the Stochastic Reactor Model. This simulation
tool appears as an attractive method to gain deeper understanding of
the combustion process in realistic DICI engine conditions. The model
capabilities have been shown based on pollutants emissions and soot
formation analysis, and major findings are the following:

• The SRM model was calibrated to the pressure trace using a robust
method based on machine learning algorithm and optimization
loop;

• Increase in CO emissions for glycerol emulsion was not captured
by the SRM model, which indicates that the explanation of this
behaviour is in the underlying physics of spray and mixture
formation rather than related to the chemical effect;

• Differences in thermodynamic and physical conditions were iden-
tified as a more dominant factor to trigger pollutants emissions
and soot formation than the glycerol chemistry;

• The soot reducing effect of glycerol was confirmed numerically
and was mainly related to the shorter period of combustion
process;

• A similar level of soot precursors and oxidizers were observed for
both fuels at medium and high loads, whereas at low load less
ethylene and more hydroxyl radical were produced, which re-
sulted in enhanced soot reduction obtained numerically with G10.
This observation indicates that shorter combustion phasing alone
was a sufficient factor in reducing the soot to the comparable level
as achieved in the experiment.

• Quantitative conclusions from the results of soot production and
formation rates showing minor differences between the two fuels
should be drawn with some circumspection due to the sensitivity
of soot model prediction to the majority of input parameters (see
Appendix);

• Soot model results did not provide any evidence for the origin of
a large number of small-sized soot particles present in G10 PSD
measured in the experiment. It was pointed out that unburned
glycerol and its oxidation intermediate products could condense
and be measured as tiny particles.

• In the sensitivity analysis, it has been shown that the model is
essentially sensitive to selected input parameters. It is of high
importance to pay attention to accuracy and precision during
experimental measurements of those parameters. It is expected
that employing simple CFD analysis to derive a mixing time scale
could significantly reduce the number of parameters, which poses
difficulties in finding their optimal set.
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Fig. 15. Relative change in value (mean values over 20 cycles) of selected model outputs as a result of ±5% or ±10%, change in selected inputs. Note that the relative change
of the soot mass fraction is presented in a separate figure (bottom right) due to its high sensitivity.
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Appendix. SRM sensitivity

Sensitivity to eleven selected model parameters and engine initial
conditions is presented here. Change ±5% in initial temperature and
pressure values and ±10% change in start of injection, injected fuel
mass, and 𝑘 − 𝜖 turbulence model parameters (𝐶𝑑𝑖𝑠𝑠, 𝐶𝑖𝑛𝑗 , 𝐶𝜏 ) and the
results are presented in Fig. 15. The impact of ± 10% change in EGR,
𝐶𝑑𝑒𝑛, 𝐶𝑠𝑤 and 𝐶𝑠𝑞 values was assessed as well but was lower than
%–3% for any of the studied quantity and thus is not shown. The
esults in Fig. 15 show the change in value of selected quantity with
espect to the simulation result obtained with optimal set of parameters
𝑒 = 100 × (𝑦𝑜𝑝𝑡 − 𝑦±5∕10)∕𝑦𝑜𝑝𝑡). The assessed quantities of interest were

outlet CO2, O2, CO, NO𝑥, soot and peak values of temperature, pressure,
OH, C2H2, C6H6 The case at 20 Nm load fuelled with the reference

diesel was considered for that purpose. In-cylinder initial temperature
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after IVC is difficult to measure and it has to be estimated based on
the measured pressure and the measured air mass flux (to match the
pressure curve during compression), it is observed to have a large
impact on the combustion simulation results. The mass of the fuel
injected into the cylinder during the injection can be measured with
limited accuracy in the experimental set-up used here and is another
critical parameter that strongly influences the simulation results.

In the present work the level of in-cylinder turbulence is predicted
using one-equation model for mean turbulence kinetic energy which
consequently provides the mixing time profile needed in micro-mixing
closure. Previously, until the work of Franken et al. [20], no turbulence
model behind mixing time profile was present. During the process of
optimization using mentioned 𝑘− 𝜖 model one has to calibrate 6 model
constants, which determine the 𝑘 solution and thus the shape of the
mixing time profile. Influence of these constants can be regarded as the
sensitivity analysis on the effect of turbulence model. Achieving, small
changes in the monitored values, can be also understood as an indicator
of the model convergence. The parameter 𝐶𝜏 has the strongest effect
on the assessed quantities because it multiplicates the value of mixing
time in the whole range from IVC to EVO. It moves the mixing time,
shown in Fig. 7 up or down. The parameter 𝐶𝑖𝑛𝑗 triggers the effect of
enhanced mixing due to fuel injection, which can influence the peak
pressure and temperature but has also impact on the emissions. Other
𝑘 − 𝜖 parameters are responsible for the mixing time shape evolution
due to density change, swirl motion and squish flow [20]. Simulation
results were found to be weakly sensitive with respect to changes in
values of 𝐶𝑠𝑤 and 𝐶𝑠𝑞 . 𝐶𝑑𝑒𝑛 and 𝐶𝑑𝑖𝑠𝑠 were found to be much more
important, however within ±10% around the optimized value, a change
in 𝐶𝑑𝑒𝑛 had a marginal impact. Among the monitored model outputs,
soot mass fraction is the most sensitive, and therefore is presented in
the separate plot (bottom right) in Fig. 15.

Definitions/abbreviations

DICI — Direct Injection Compression Ignition
PM — Particulate matter
PSD — Particle size distribution
MoM - Method of Moments
CFD — Computational fluid dynamics
SRM — Stochastic reactor model
PDF — Probability density function
IEM — Exchange with the mean
EMST — Euclidean Minimum Spanning Tree
CN — Cetane number
LHV — Lower heating value
EGR — Exhaust gas recirculation
TDC — Top dead centre
ATDC — After top dead centre
CAD — Crank angle degree
DI-SRM — Direct injection stochastic reactor model
SOI — Start of injection
EVO — Exhaust valve opening
IVC — Inlet valve closure
PAH — Polycyclic aromatic hydrocarbon
TGA — Thermogravimetric analysis
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