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Abstract

This study employed a three-dimensional CFD model with integrated chemical kinetics using CONVERGE CFD software.
We used a detailed mechanism of 42 species and 167 reactions and compared its predictions with a reduced 77-species mech-
anism developed by Liu and Zhang (2023), both tailored for n-heptane oxidation. Validation of diesel-injection combustion
was carried out by comparing the model results with experimental engine data. Numerical simulations were conducted on
an MKDIR 620-145 engine at 1400 rpm and 50% load. The chosen models reproduced the mean in-cylinder pressure accu-
rately, with deviations below 4.7%. Analysis of species and thermal fields revealed that key intermediate species emerge near
930 K, where H20; concentrations become sufficient to trigger auto-ignition and the heat release rate reaches its peak. At
higher temperatures (around 1300 K), OH and CO concentrations are notably elevated. Soot production is initiated early in
combustion and is dominated by diffusion processes; the peak net soot mass was 3.25x1077 kg at 18° before the top dead
centre. Throughout combustion, CO, H,O and hydrocarbon concentrations increase markedly while O is consumed, with
CO; and H0 rising rapidly during both premixed and diffusion combustion phases. NOyx formation closely follows the tem-
perature history, approaching a saturation level near 1.1x10~* kg under the studied conditions. Overall, the results indicate that
the employed reaction mechanisms capture the temporal evolution of combustion, species formation, soot production and
emission trends with good fidelity, supporting their suitability for studying fuel behaviour and emissions in diesel engine
environments.

Keywords: CONVERGE CFD software; Diesel engine; Modelling; Chemistry approach; Combustion

Vol. 47(2026), No. 2, 59-68; doi: 10.24425/ather.2026.158681

Cite this manuscript as: Medjahed, L., Boushaa, H., Benramdane, M., & Hagani, B.N.E.H. (2026). Three-dimensional modelling of
combustion and emissions characteristics in direct-injection diesel engines using detailed chemistry based on the SAGE combustion model.
Archives of Thermodynamics, 47(2), 59—68.

1. Introduction

As the source of energy, propulsion and power, internal com-
bustion (IC) engines are an extremely important equipment.
Compression ignition (CI) engines are the most powerful and
capable when compared to spark ignition (SI) engines, espe-
cially for off-road power generation, marine applications, and
large and medium-sized vehicles on the road [1,2]. CI engines

become more and more popular because of their exceptional per-
formance, consistent dependability, long lifespan, increased fuel
efficiency, and significantly reduced emissions of carbon diox-
ide (COy), carbon monoxide (CO) and hydrocarbons (HCs)
compared to SI engines [3—5]. However, it must be acknowled-
ged that CI engines do encounter challenges such as noisy com-
bustion, elevated NOy emissions, disruptive vibrations, and the
release of harmful smoke when compared to Sl engines [1,2].
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Nomenclature

Ar — pre-exponential factor

br — temperature exponent

C_p,m— molar constant-pressure specific heat, J/(mol-K)
C, — model constant

D - diffusion coefficient

e —internal energy, J

Er — activation energy, kJ/mol

hm — species enthalpy, J/mol

Ry, — molar specific enthalpy, J/(mol-K)
I —initial turbulence intensity

k - total kinetic energy, J

K — conductivity, W/(m-K)

Ker — equilibrium coefficient

le —length scale, m

P — pressure, kPa

Pr — Prandtl number

gi - rate-of-progress variable

Ru — universal gas constant, J/(mol-K)
S —source term

Sm — source terms of species m

t —time,s

T —temperature, K

u, U- velocity, m/s
[Xm] — molar concentration of species m
Ym — mass fraction of specie m

Greek symbols

& —turbulent dissipation, m%/s?
e — turbulent viscosity, Pa s

p - density, kg/m?

Nevertheless, significant advancements have been made in re-
cent times to address these environmental concerns. Various
methods have been developed for the reduction of these pollut-
ing gases, including exhaust gas recirculation (EGR) [6,7], opti-
misation of injection systems [8,9], utilisation of AdBlue in se-
lective catalytic reduction (SCR) techniques [10—13], the man-
agement of turbulence and chemistry interaction [14,15], adop-
tion of dual fuel engines [16—18], the introduction of biofuels
injections [19-24], and using compressed natural gas (CNG)
[25]. These innovative approaches hold immense potential for
mitigating the adverse effects associated with CI engines,
thereby paving the way for a more refined and sustainable future
in automotive technology. The advancement of computational
fluid dynamics (CFD) methodology for internal combustion en-
gine design presents a distinctive and formidable challenge com-
pared to traditional experimental approaches, owing to the intri-
cate nature of the physics and mechanics involved. Enhancing
our comprehension in this field is imperative in order to unlock
innovative solutions, streamline costs, and augment develop-
ment efficiency. While notable progress has been achieved in
various domains such as turbulence, spray and combustion mod-
elling, pre- and post-processing, etc., there are still numerous
additional prerequisites to be fulfilled for CFD to truly emerge
as a reliable and comprehensive design tool [26,27]. The CON-
VERGE software [28] is widely used in engine research and is
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oij — stress tensor, Pa
v'm,r, 0"mr— Stoichiometric coefficients for the reactants
@, — production rate of species, 1/s

Subscripts and Superscripts
r —reaction
m —species

Abbreviations and Acronyms
AMR - adaptive mesh refinement
BTDC - before top dead centre

CA  —crankangle

CAD - computer-aided design

CFD - computational fluid dynamics

Cl — compression ignition

CO  —carbon monoxide

CO2  — carbon dioxide

CNG - compressed natural gas

CSP  — computational singular perturbation
EGR - exhaust gas recirculation

HCCI - homogeneous charge compression ignition

HCs - hydrocarbons
IC — internal combustion
IDT  —ignition delay time

KH-RT - Kelvin-Helmholtz and Rayleigh-Taylor
LLNL - Lawrence Livermore National Laboratory's
MB-NH- methylbutanoate/n-heptane

PRF  — principal reference fuel
QSS - quasi-steady-state

SCR  —selective catalytic reduction
Sl — spark ignition

TDC - top dead centre

popular among universities that train engineers and researchers.
It solves complex equations related to fluid dynamics, taking
into account factors like turbulence and chemical reactions.
A detailed chemistry extension has also been developed to ad-
dress the need for reducing emissions from internal combustion
engines. This extension allows for more accurate simulation of
engine exhaust gases. Three-dimensional conservation equa-
tions are successfully solved using CONVERGE CFD, both
with and without chemical reactions. The code and its function-
ing have been thoroughly documented by Richards et al. [28]. In
response to the need for reducing polluting emissions from in-
ternal combustion engines, a comprehensive chemistry exten-
sion for CONVERGE has been developed. This extension al-
lows for the accurate representation of engine exhaust gas com-
position, including radicals, NOy species and soot.

In this context, different numerical studies have been carried
out. For instance, a simplified mechanism with 60 species and
237 reactions was used for the spray combustion simulation in
the study [29]. Similar to this, Wan Manson and Olsen [30] used
the CONVERGE CFD model to study the combustion and emis-
sions of a gas-diesel dual fuel. They used a simplified chemical
kinetic mechanism that had 393 reactions for n-heptane, me-
thane, ethane and propane, and 86 species. In a different re-
search, Ra and Reitz [31] used the n-heptane mechanism in con-
junction with a reduced mechanism for iso-octane oxidation to
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create a principal reference fuel (PRF) mechanism that included
130 reactions and 41 species. Direct injection diesel engines and
homogeneous charge compression ignition (HCCI) engines
were used in the trials to verify the PRF mechanism.

Wang and Frenklach [32] employed a comprehensive mech-
anism that combined the oxidation chemistry of skeletal n-hep-
tane with the kinetics of aromatic formation in fuel-rich acety-
lene flames, comprising 117 species and 602 reactions. They
validated the combustion simulations through detailed numeri-
cal kinetic analysis and by comparison with a reduced mecha-
nism of 60 species and 237 reactions. Liu et al. [33] applied
graph-based reduction techniques to a detailed MB-NH (methyl-
butanoate/n-heptane) model containing 661 species and 3019 re-
actions, producing a reduced mechanism with 145 species and
869 reactions. Combustion simulations performed in CON-
VERGE software using this reduced chemistry showed good
agreement with experimental data for biodiesel blends, indicat-
ing the model’s suitability for predicting combustion behaviour
and emissions trends in compression-ignition engines. Liu and
Zhang [34] (2023) developed a reduced diesel mechanism de-
rived from Wang’s 2015 mechanism (109 species, 543 reac-
tions) [35]. They first defined an importance index using com-
putational singular perturbation (CSP) to identify and remove
insignificant reactions. By applying a threshold of 0.0065, they
eliminated 140 reactions, reducing the mechanism to 403 reac-
tions. Using a 0.005 threshold, they also identified 32 global
quasi-steady-state (QSS) species. The final reduced mechanism
contains 77 species and, when compared with Wang’s original
mechanism, shows a maximum deviation of 7.2% in ignition de-
lay. They further validated the mechanism by simulating an
HCCI engine case and found that the simulation results agree
closely with the original mechanism, with errors under 10%.

Yinetal. [36] developed a simplified chemical kinetic mech-
anism for toluene within a gasoline surrogate (toluene, n-hep-
tane, iso-octane). They reduced the original mechanism from
137 species and 633 reactions to 60 species and 234 reactions.
The simplified mechanism accurately predicts ignition delay
times and laminar flame speeds according to their results.

Hu et al. [37] proposed a four-step global model for moder-
ate and intensive low-oxygen dilution (MILD) oxy-combustion
in 2018. They validated it against two detailed mechanisms
across three combustion conditions and compared its perfor-
mance with five other global mechanisms. The results showed
that, under MILD, oxy-fuel and MILD oxy-combustion condi-
tions, the proposed model substantially improved predictions of
peak and equilibrium concentrations of the main species. How-
ever, the global model was validated only against detailed mech-
anisms for some reaction conditions where no experimental data
were available. While the global model reproduced trends simi-
lar to the two detailed mechanisms across the three conditions,
the absolute species concentration values differed notably
among the three approaches.

Baigmohammadi et al. [38] recently developed a detailed
mechanism, NUIGMechl.1, to investigate ignition delay times
(IDTs) of C1-C2 hydrocarbons over a range of temperatures,
pressures and equivalence ratios. NUIGMechl.1 comprises
11 274 elementary reactions and 2746 species. Its accuracy was
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assessed by comparison with experimental IDT data, and it was
found to reproduce the measured IDTs well.

The main objective of this study is to validate the simplified
reaction mechanism of a diesel fuel. This mechanism was cre-
ated by simulating the actual physical properties of the fuel and
using the chemical kinetics of n-heptane, consisting of 42 spe-
cies and 167 reactions. We compared it with the reduced mech-
anism of 77 species developed by Liu and Zhang [34].

2. Mathematical formulations

Equations describing the conservation of mass, momentum and
energy guide the modelling of combustion in diesel engines. The
turbulence and the movement of passive scalars and organisms
are described by additional equations. The mathematical formu-
las utilised in CONVERGE are described in this context in [28].
The following represents the compressible equation for spe-
cies mass transport:
a

oujp
2 (5D
ﬁx]' 6Xj ('D

9pm
at

9Ym
aLx,) + Sy )
The total fluid density equation is obtained by adding the
preceding equation for each species:
6_p
at

dpu; _ S
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)
where pm = Ymp. In the above equations, the velocity is repre-
sented by u, density by p, species density by pm, mass fraction
of species m by Ym, mass diffusion coefficient by D, and source
terms by S and Sp.

Hence, the following is the equation of momentum transport
for the compressible fluid:
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The energy equation for the compressible fluid is given by:

dpe | Qujpe _ _po o 0w L( a_T)
at  ax; Paxi+all axj+ax,- Kax,- *
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In the above equations, P is the pressure, T is the temperature,
aij 1S the stress tensor, Si and S are source terms, hy, is the species
enthalpy, K is the conductivity, D is the diffusivity, and e is the
specific internal energy.

The conductivity is substituted with the turbulent conductiv-
ity provided by:

®)

where Pr and s are the Prandtl number and turbulent viscosity,
respectively.

In the initial stages of the pressure-implicit with splitting of
operators (PISO) loop, CONVERGE computes the momentum
and pressure to determine the velocity for the other transport
equations. It is essential to verify the PISO loop convergence
after each iteration of the PISO process.

Ke=K+cyt
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3. SAGE chemical kinetics model

The following section discusses the incorporation of the SAGE
model within the CONVERGE software, specifically focusing
on chemistry modelling. The inclusion of the SAGE model al-
lows for the integration of detailed chemical kinetics in combus-
tion applications. This is accomplished by using a collection of
input files in the CHEMKIN format, which is now the accepted
format for describing chemical mechanisms in this context.

A mechanism for a multi-step chemical reaction may be ex-
pressed as follows [28]:

Y= UmrXm & XM _ 0 Xy, for r=1,2,...,R. (6)

For species m and reaction r, the stoichiometric coefficients
for the reactants and products are denoted by v'mr and o'y,
respectively. The chemical symbol for species m is represented
by x,,. The following provides the production rate of species m:

— V'R

Wy = Dr=1Vmrqr, form=12,.,M,
Uy = V'my = Vs @)
and the rate-of-progress variable g; for the r"*reaction is:
qr = kyr =1 X VM — Ky [Timea (X ]V mr, (8)

where ks and ki are the forward and reverse rate coefficients for
reaction r, and [Xq] is the molar concentration of species m.

The Arrhenius form is used in the SAGE setup to represent
the forward rate coefficient:

kpr = A, TbreCEr/RuT) (9)
where Ry is the universal gas constant, E; is the activation en-
ergy, by is the temperature exponent, and Ay is the pre-exponen-
tial factor.

Additionally, the reverse rate coefficient can be computed
using the equilibrium coefficient K, or it can be supplied in an
equivalent mode:

krr = kfr/Kcr- (10)

The thermodynamic characteristics are used to calculate the
equilibrium coefficient, K_,..

The governing equations for mass and energy conservation
for a particular computational cell may be solved using the in-
formation provided. These are the equations:

dP = .
ar _ Vd_t —Im(hmom)

Al _ _
dat Zm([xm]c_p,m) '

dat

and (11)

m
where the molar specific enthalpy, molar constant-pressure spe-
cific heat, volume, temperature and pressure of species m are
represented by the variables h,,,, (fp‘m, V, T and P, respectively.
In CONVERGE, the mech.dat and therm.dat data files define
the mechanisms and thermodynamic data for the SAGE model
input parameters. Every computational time step in the CON-
VERGE program solves the aforementioned equations, and the
species are updated appropriately. Please note that the tempera-
ture acquired is not utilised to update the cell temperature in
CONVERGE, but solely to update the rate coefficients in the
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SAGE system of rate equations. After applying the determined
species concentrations to converge the thorough chemistry com-
putation, the cell temperature is updated.

4. Engine description and computational domain

The model of the combustion chamber was initially created us-
ing SOLIDWORKS, a computer-aided design (CAD) software,
before being exported to the preprocessing software CON-
VERGE CFD for geometry verification and clean-up. Figure 1
illustrates the combustion chamber model generated with
Tecplot Graphic. The engine used in our work is a heavy-duty,
6-cylinder, 4-stroke diesel engine with a piston cylinder bow,
model number: MK DIR 620-145 whose parameters are gath-
ered in Table 1. It is equipped with a high-pressure injector
pump system and a turbocharging system. The simulations run
at 1400 rpm, 50% load, and the injection begins at 8° before
TDC.

4—— Cylinder
J

piston

Fig. 1. Geometry of the combustion chamber.
Specifications for the engine combustion chamber and injec-

tors are listed in Table 1. Table 2 enumerates the critical injec-
tion requirements, and Fig. 2 depicts the injection profile.

Table 1. Engine specifications.

Engine type MKDIR 620-145
Chamber type Vertical valve
Number of cylinders 06

Bore 12 cm
Stroke 14.5cm
Connecting rod length 22.7 cm
Squish 0.17 cm
Compression ratio 17
Engine speed 1400 rpm

Maximum torque 158 N m at 1200 rpm

Turbocharger Schwitzer type S2BV
Injection pump Bosch type P.7100
EGR 0%
Swirl 3.11

Table 2 Injection specification.
Fuel type n-heptane
Initial fuel temperature 344 K
Injection duration 21°
Fuel Injection rate 0.09 g/cycle
Injection start 8 c.a. degree BTDC
Nozzle diameter 2.59e-01 mm

Nozzles number 2
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Fig. 2. Injection profile.

In the present work, the detailed boundary conditions
(temperature of cylinder, head and piston), and initial conditions
(pressure and temperature in the chamber) used in the software
are:

e the boundary conditions:
Tey = 433K,
Thead = 523 K,
Tp =523 K,
e the initial conditions:
Pch = 1.765 MPa,
Ten = 355 K.

The process of generating a complex geometry grid in dif-
ferent CFD codes can be quite time-consuming for users, which
makes projects unfeasible due to financial or time constraints.
The code CONVERGE CFD allows the calculation of three-di-
mensional, compressible, chemically-reacting fluid flows in
complex geometries with moving boundaries, and it is specifi-
cally tailored for piston engine analysis. In this study, we used
two techniques: basic meshing and the adaptive mesh refine-
ment (AMR) technique to manage and refine the grid for tem-
perature, emissions, and velocity.

The effects of the base grid size in all directions (4 mm,
2.5 mm, 1.8 mm and 1.5 mm) on the combustion are shown in
Table 3. AMR was adopted based on the temperature, velocity
and near nozzle region cell size of 0.2 mm. According to the
mesh sensitivity study, in each of the three dimensions, the base
grid size was maintained at 1.8 mm with an error in cylinder
pressure of no more than 4.7%.

Table 3. Mesh details.

Base grid size [mm] AMR [mm] Error [%]
4 0.2 7.8
2.5 0.2 5.6
1.8 0.2 4.7
15 0.2 4.4

A 1.8 mm base grid was applied throughout the computa-
tional domain. Owing to piston motion, the total number of com-
putational cells varied over the engine cycle, reaching approxi-
mately 589 133 cells at the bottom dead centre (BDC, 180 CA)
and decreasing to about 10 154 cells at the top dead centre (TDC,
0 CA). Figure 3 presents the comparison of cylinder pressure
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from the experiment and simulation, whereas the mesh of the
engine domain is illustrated in Fig. 4.

Experiment
simulation

Pressure [MPa]

T T
-20 0 20 40
Crank angle [Deg]

Fig. 3. Experimental and simulated evolution of cylinder pressure.

Fig. 4. Computational domain of the engine.

5. Reduced chemical kinetic reaction mechanism

N-heptane is often chosen as a fuel because it has a cetane num-
ber of around 56, which is comparable to that of conventional di-
esel fuel. Heptyl radicals, C7His, formed from n-heptane through
H-abstraction from fuel molecules, play a significant role in the
oxidation process. It is crucial to accurately account for the num-
ber of carbon and hydrogen atoms in the final combustion prod-
ucts when calculating the overall heat release of oxidation reac-
tions. Therefore, it is necessary for the simplified reaction mech-
anism to align with the overall chemical equilibrium state.

In this study, a reduced reaction mechanism comprising 167
chemical reactions and 42 species was considered. For a more
detailed mechanism, we recommend consulting the website of
the Lawrence Livermore National Laboratory (LLNL), specifi-
cally the archived mechanisms available through the U.S. De-
partment of Energy National Nuclear Security Administration
(LLNL website). Table 4 provides an excerpt of the n-heptane
reaction mechanism. Additional information on reaction mech-
anisms can be found on the same website. Moreover, alternative
literature sources offer other n-heptane mechanisms, such as
a comprehensive mechanism with 544 species and 2446 reac-
tions (LLNL), a detailed mechanism with 117 species and
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602 reactions, and a reduced mechanism with 60 species and
237 reactions [35].

Table 4. Single column table example.

Reaction A br E;

R1 CsHie + H=CsHis—1 + H, 5.600e+07 2.0 7667.0
R2 CsHie + H = C7H1s—2 + H» 4.380e+07 2.0 4750.0
R3 CsHis + OH = C/His—1 + H,O  8.610e+09 11 1815.0
R6 CsHie + HO2 = C7H1s—2 + H202  1.650e+13 0.0 16950.0
R7 Cs/His + 02 = C/His—1 + HO,  2.500e+13 0.0 48810.0
R9 C7H1s-1 + 02 = C7H1502 2.000e+12 0.0 0.0
R10 C7H1s-2 + 02 = C7H1502 2.000e+12 0.0 0.0
R11 C7H1502 = C7H1402H 6.000e+11 0.0 20380.0
R12 C7H1402H + Oz = CG;H140.HO,  4.600e+11 0.0 0.0
R13—-R158
R159 C:H3+H=CHa + Ha 4.000e+13 0.0 0.0
R160 CzH3 + O = CH,0 + HCO 4.000e+12 0.0 —250.0
R161 C2H3 + OH = CoH2 + H.0 3.000e+13 0.0 0.0
R162 CoHs + CH2 = CHa + CH3 3.000e+13 0.0 0.0
R165 CHs + O = CoH2 + OH 1.000e+13 0.0 0.0
R166 C:H2+OH =CH3z +CO 4.830e-04 4.0 -2000.0
R167 CH3=CH2+H 4.600e+40 = —-8.8 46200.0

6. Validation of numerical results

The CONVERGE CFD code was utilised to simultaneously pre-
dict the combustion process and emissions evolution using spe-
cific sub-models: SAGE for combustion, KH-RT (Kelvin-
Helmholtz Rayleigh-Taylor hybrid model) for spray, RNG k—
for turbulence, and the Hiroyasu and Zeldovich models for soot
and NOy emissions, respectively (Richards et al. [28]).

For this study, the re-normalization group (RNG) Reynolds
averaged Navier-Stokes (RANS) approach was selected. The to-
tal kinetic energy is expressed as k = 3/2-(Ul)?, where U repre-
sents the velocity and | is the initial turbulence intensity (5%).
Turbulent dissipation is given by & = C,2*k¥?le"*, where € is the
turbulent dissipation, C, is a model constant, and le is the length
scale. The CFD models utilised in the various physical phenom-
ena employ model constants recommended by CONVERGE
(Richards et al. [28]).

6.1. Combustion and emissions characteristics

In-cylinder pressure is the primary parameter influencing com-
bustion processes. To validate our chosen reaction mechanism,
we compared our cylinder pressure results (using a mechanism
of 42 species and 167 reactions) with those of Liu and Zhang
[34], who developed a reduced 77-species mechanism for diesel
derived from Wang’s mechanism (109 species and 543 reac-
tions). Figure 5 illustrates a strong agreement between the nu-
merical and experimental results, which leads to the assumption
that results predicted by computational analysis are considerably
similar to the actual result by experimental testing. The motoring
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pressures for both cases rise in a similar manner. However, at
TDC, the simulated pressure drops slightly, then increases mark-
edly at 5° after top dead centre (ATDC) due to fuel injection.
After 11° TDC, the pressure begins to decline. In contrast, Fig. 6
exhibits a low error margin of 7.2%, confirming the superior ac-
curacy of the present model. The predicted heat release rate is
similarly presented in Figure 5.Two distinct phases appear: an
initial, rapid heat release from premixed combustion, which
peaks at about 350 J/CA around 6° ATDC and can produce high
temperatures, followed by a gradual decline into the slower, mix-
ing-controlled diffusion combustion phase.

6
=
(=]
=
z
;_5 5| ——Experiment
P B simulation
—— Heat releare rate
0+
T T T 50
-40 -20 0 20 40
Crank angle [Deg]
Fig. 5. The cylinder pressure (experimental vs. calculated)
and heat release rate evolution.
80
— Wang's
604 mechanism
= o Reduced
s mechanism
5 40{ e Experiment
& n=900 r/min
A ¢=0.2857
204
o T, = 393K
P, = latm
0-+— : " . -
-45 -30 -15 0 15 30

Crank angle/°CA

Fig. 6. The cylinder pressure reported by Liu and Zhang (2023) [34].

Figure 7 illustrates the changes in the average cylinder tem-
perature and concentrations of CO, OH and H,0O-. It is important
to note that these species occur at temperatures around 930 K.
Likewise, this temperature marks the point at which the concen-
tration of H,0- is sufficient to initiate auto-ignition, coinciding
with the maximum heat release rate. Regarding the concentra-
tions of OH and CO, it is clear that high levels of these species
occur at the maximum temperature (around 1300K). Figure 8
shows the temporal evolution of n-heptane mass and soot emis-
sions. Soot formation begins simultaneously with soot oxidation
immediately after the start of injection (SOI) at 5° ATDC. Dur-
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ing the initial stage, the soot formation rate increases, causing
the net soot mass to rise until it reaches a maximum of
3.25x1077 kg at 18° ATDC. Thereafter, the soot formation rate
decreases, and the net soot mass falls to a final value of
9x1078 kg at the end of the simulation.

1400 . . 4.0x10*
: : : ' e 1 0x10%
H K, 4 BJ3xIV
12004 Al £
F 0 8 0x107
1000 4 . / o r25x
i : 16 0x107
: ‘/ —— Temperature [K]| i\, [
800 - PRSI N o
i | COlXe] : L
: i OH [Kg] : A H0x107
L ——H202 [Ke] 0410
i : i :
_ I A O P
7 8 N :
~— L
2001 ‘ i i
-20 0 20 40
Crank angle [deg]
Fig. 7. Evolution of in-cylinder temperature and concentrations
of CO, OH and H,0,.
1,0x10* )
135110
L.3,0x107
——n-heptane )
Soot 125110
L2.0u107 &
150107 &
=
L10x107 S
w
15,0x10°
100
T T T T T T T |"50xm;

Crank angle [Deg]

Fig. 8. Evolution of in-cylinder fuel mass and soot emission.

In Fig. 9, the variations in fuel mass, O,, CO,, H,0 and HC
concentrations are displayed. It is evident that the simulation ac-
curately predicts the concentrations of these species in the com-
bustion products. There is a significant increase in species CO»,
H>0 and HC concentrations during the combustion phase, a con-
trary to a decrease in O.. It is clear that the CO; and H,O con-
centrations rise rapidly during the premixed phase and continue
to increase, albeit at a slower rate, during the diffusion phase.

Figure 10 depicts the changes in N2, NO and NOy concentra-
tions. It is clearly observed that the concentrations of NO and
NOx increase during the rapid premixed phase of combustion
and follow the temperature evolution, reach saturation for NOy
(around 1.1x107* kg), and decrease for NO during the diffusion
phase.
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Fig. 10. Evolution of in-cylinder fuel mass
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6.2. Scalar fields

Here, we present the combustion chamber's contours, explain
the injection behaviour throughout the cycle, and offer a close-
up of the inside to completely depict the results of the numerical
simulation. Various crank angles were used to display the tem-
perature distribution and spray progression.

Spray evolution

Figure 11 displays the contours of the fuel spray, indicating that
the core of the cold jet contains an excessive amount of fuel. It
clearly demonstrates the progression of the diesel spray.

Temperature evolution

The CONVERGE code has successfully predicted the tempera-
ture contours in diesel engines at different positions of the crank
angle. This can be observed in Fig. 12, where a selection of dif-
ferent crank angles has been chosen to showcase the progression
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of the combustion process. By utilising scalar fields, the evolu-
tion of the flame is visually represented through the contours of
the temperature, and the rich region behaviour is presented by
red and green contours. These contours demonstrate that the
core of the cold jet contains an excessive amount of fuel, while
the actual flame occurs in the space between the jet and the sur-
rounding air (known as a diffusion flame). It is clearly shown
that the rich region is identified mostly at the piston bowl wall
and near the cylinder head. The temperature contours are ob-
served by slicing through the axis of the spray. Notably, the red
contours highlight the presence of a non-premixed flame. It is
worth mentioning that the maximum temperature reached is ap-
proximately 2500 K. For this reason, it is expected that the for-
mation of NOy is high in these regions.
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Fig. 11. Spray contours for different angles.
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Fig. 12. Temperature distribution for different angles.

7. Conclusions

The combustion and emissions characteristics of a direct injec-
tion diesel engine fuelled with n-heptane were investigated us-
ing numerical simulations with CONVERGE CFD. The com-
bustion process of n-heptane was analysed using a reduced re-
action mechanism comprising 167 chemical reactions and
42 species, and the results were compared with the reduced
mechanism developed by Liu and Zhang (2023), which contains
77 species. The main conclusions are summarised as follows:

— According to the results obtained, the combustion model
used gives a good estimate of the average pressure in the
cylinder — 4.7%, and the distribution of all the species of
the reactive mixture can be perfectly described during the
combustion phase.

— The heat release rate at its maximum is 350 J/CA at
6 BTDC.

— The concentrations of chemical species such as CO, NO,
OH, N, HC and soot, unlike those of H,O, CO; and NOy,
seem adjusted by dosage and decrease rapidly during the
slow diffusion phase of combustion.

— These species appear at temperatures of about 930 K,
where the concentration of H,O; is sufficient to initiate au-
toignition, and high levels of OH and CO are observed at
a temperature of 1300 K.

— The evolution of the H,O, concentrations seems to be re-
lated to that of the peaks of the in-cylinder pressure and
average temperature in the cylinder during the premixed
combustion phase.

— The simulation results indicate that soot is produced at the
beginning of the combustion process by diffusion (around
18° BTDC, with a maximum value of 3.25x107 kg).

— The evolution of NOy follows the evolution of temperature,
reaching saturation at about 1.1x10~* kg.

— During the combustion phase, we observe an increase in
CO3, H20 and HC species; on the other hand, O, decreases.

— The simulation results indicate that the diesel fuel model,
which accounts for the n-heptane reaction mechanism and
physical properties, possesses sufficient accuracy for im-
plementation in more advanced computations.

— The model validated in this research will be utilised to de-
velop fuel and biofuel injection strategies aimed at reduc-
ing emissions.

— The logic progression of this research will involve the de-
velopment of a CFD model for engines that includes soot
prediction capabilities, as well as engine experiments using
n-heptane blended with alcohols (ethanol, methanol and
MTBE) under mixing conditions. This will test the capabil-
ities of the CFD model in the complex environment inside
an engine and enhance our understanding of the pollution
formation tendencies in heavy-duty engines.
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