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This study examines the effects of methanol injection and spray tilt angle on pollutant
emissions, employing the standard k-e and k-&¢ RNG turbulence models. The models were
utilized to simulate combustion in a direct-injection diesel engine operating at 2000 rpm,
with injection sprays at 60 <and 63 <tilt angles. The primary objective was to predict the
combustion phenomena and associated pollutant emissions, with an aim towards
optimizing engine performance. To this end, a Computational Fluid Dynamics (CFD)
model was constructed and validated against experimental data drawn from the literature.
The standard k-¢ and the k-¢ RNG turbulence models were selected for their ability to
predict the large-scale structures arising from squish flows, generated by the spray at the
given angles. These flow structures play a significant role in predicting pollutant formation,
given their sensitivity to local temperatures within the combustion chamber. CFD
modelling results reveal a significant impact of the combustion process on engine
performance. Increases of approximately 10%, 25%, and 15% were observed in cylinder
pressure, heat release, and temperature, respectively. Pollutant emissions also varied, with
soot, CO, and HC levels increasing by 40%, 10%, and 60% respectively, and NO, NO2,
and NOx levels decreasing by 30%, 10%, and 10%-60%, respectively. The findings
suggest that the compressibility flow in the k-¢ RNG turbulence model, particularly due to
its isotropic term, exerts a notable influence on predicted combustion parameters,
especially soot and NOx emissions. Moreover, the study highlights the significant role of
methanol injection quantity, spray tilt angle, and turbulence model selection in engine
performance, emphasizing the necessity for their careful consideration in engine modeling.

1. INTRODUCTION

difficulties during cold starts, elevated aldehyde emissions
during cold starts, compromised engine performance at low

The endeavor to diminish pollutant emissions from internal
combustion engines persists as a critical objective in our
current environmental climate. The design of these engines,
being integral to applications such as transportation, power
generation, and industrial processes, commands significant
attention [1-3]. Despite extensive research and technological
advancements pertaining to fuel injection in compression-
ignition engines, a comprehensive understanding of the
interaction dynamics of fuel spray within the cylinder remains
elusive [4-6]. Emission challenges associated with
compression ignition engines primarily involve NOx and soot
emissions. A common dilemma in diesel engine optimization
is the inverse relationship between these two emission
parameters, often referred to as the emission trade-off [7].
Numerous solutions have been proposed to enhance
combustion control and reduce pollutant emissions from diesel
engines, including the utilization of alternative fuels such as
alcohols [8-10]. Among these, methanol garners particular
interest due to its high latent heat of vaporization, oxygen
content, sulfur-free composition, and high burning rate. When
combusted at elevated temperatures, methanol has been shown
to significantly reduce pollutant emissions from diesel engines
[11]. Nevertheless, operational challenges, including
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engine speeds, and combustion instability due to its low cetane
number, present obstacles to its widespread implementation.
This research aims, on the one hand, to understand the effect
of simultaneous injections of methanol at 25% and 50% with
pure diesel. The addition of methanol is a promising way to
reduce pollutant emissions. On the other hand, the spray tilt
angle is varied at two angles, 60° and 63°, and then two
turbulence models, k-¢ and standard k-¢, are implemented in
order to optimize the combustion and the pollutants.

The current study seeks to build upon the foundational work
performed by Wang et al. [12], which compared the emissions
generated by conventional diesel engines to those produced by
alternative fuel engines, specifically those powered by a
methanol-diesel blend. Their findings indicated a substantial
reduction in particulate matter and NOx emissions, offset by
an increase in CO and HC emissions from the methanol-diesel
blend. It was also observed that the optimal operational load
for these engines ranged from 6% to 100%—within this range,
the combustion of the diesel-methanol blend (D+M) hindered
thermal efficiency at low loads while enhancing it at medium
to high loads. Given the low miscibility of diesel and methanol,
an additive is necessitated for their simultaneous injection into
an internal combustion engine [10]. Diverging findings have
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been reported regarding the emissions of engines operating on
a methanol-diesel blend. Chao et al. [13] examined the
pollutant emissions of a six-cylinder, direct-injection diesel
engine with natural oxygen aspiration, utilizing a diesel and
methanol mixture in which methanol composed up to 15% of
the blend. Employing a steady-state experimental analysis and
a transient engine test, they reported a significant reduction in
NOx particles and an increase in CO and HC emissions with
higher percentages of methanol injection.

In contrast to these findings, Song et al. [11] observed
different emission patterns in a single-cylinder, direct-
injection engine running on a steady diesel-methanol blend,
with methanol injection at less than 18% of the maximum
value. Their study indicated that the injection of the diesel-
methanol blend delays the ignition time, which consequently
leads to an increase in the heat release rate during the premixed
combustion phase and a reduction in the diffusion phase
combustion time. Notably, they recorded reductions in CO and
soot emissions by about 40% and 30%, respectively, while
only a marginal improvement in unburned hydrocarbons was
observed. Interestingly, an increase in NOx emissions was
recorded, a result in stark contrast to the findings of Chao et al.
[13]. These discrepancies may arise from variations in engine
and operational conditions, as well as differences in methanol
injection percentages and the specific additives employed.
From the studies by Song et al. [11] and Chao et al. [13], it can
be inferred that the outcomes of a diesel-methanol combustion
process are influenced by several factors, including engine
operating conditions, the proportions of the diesel-methanol
mixture, and the specific experimental scenarios executed.
Thus, an optimized combustion process and pollutant
reduction in a methanol/diesel combustion scenario
necessitates careful consideration of engine parameters and
mixture proportions.

In the quest to comprehend the multifaceted operations of
internal combustion engines, research has underscored the
paramount importance of experimental approaches [14].
However, these methods pose significant financial challenges,
especially when investigating fluid mechanics or heat transfer
scenarios. The expense is further escalated when turbulent
combustion within an internal combustion engine is examined.
Consequently, numerical simulations have emerged as a more
feasible alternative, especially with the advent of advanced
computational technologies and codes for calculating
turbulent reactive flows. Turbulence modelling is deemed
crucial in internal combustion engine studies, given that
turbulence directly influences spray, mixtures, and
combustion within an engine [15]. Consequently, turbulence
prediction becomes a necessity. With most multidimensional
calculation codes proposed to date, key characteristics such as
velocity, length, and time are directly inferred from the
corresponding characteristics of turbulent scales in spray,
combustion, and heat transfer models [16, 17].

The complexity of engine flows presents a formidable
challenge for engine modellers. A myriad of turbulence
models have been proposed and employed for engine
turbulence modelling [18-21]. These models vary in
complexity, ranging from simple models that directly relate
turbulent viscosity to the mean velocity field, to more
sophisticated models that utilize transport equations for
turbulent stress and flux. Among these, the k-¢ model, a two-
equation model, is the most widely utilized due to its relative
simplicity and minimal computational time and storage
requirements [22]. Initially developed and validated for low-
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shear incompressible flows [23], the k-&¢ model has been
adapted for modelling variable-density engine flows with
minimal modifications, particularly when a mass-weighted
average technique is employed.

The k-e model was expanded to accommodate an engine
flow where the fluid's density fluctuates in tandem with piston
movement by Gosman and Watkins [24]. This extension
incorporated the impact of compressibility within the
constitutive equation, and accounted for temporal variations in
density. Subsequent research has primarily concentrated on
the implications of flow compressibility, with a particular
focus on the influence of velocity dilation on turbulence
dissipation rates. Reynolds [25], however, contended that the
equation proposed by Gosman and Watkins could not attain
the rapid spherical distortion limit. Consequently, an alternate
constant for the velocity dilation term, commonly referred to
as turbulence intensity Cg3, emerged from his fast distortion
analysis. Various hypotheses have led to the proposition of
other C, values, ranging from -1.0 to +1.0 [25-28]. Despite
these advancements, the confirmation of turbulence models
under engine conditions remains a challenging task, resulting
in significant uncertainty about the true value of C;s.

While efforts are being made to refine the standard k-g
model, researchers are also turning their attention towards
high-degree models such as the Reynolds stress model (RSM).
Although the RSM can mitigate some of the standard k-¢
model's limitations, the model's equations are complex and
less understood, necessitating further investigation and
considerably more computational resources. The application
of RSM to practical engine configurations is still relatively
uncommon, particularly in the context of modeling reactive
engine flows. Yakhot et al. [29] utilized the k-¢ RNG
turbulence model for various complex flows, including
separate flows, and found that the model offered superior
results in circumstances where the standard k-e¢ model fell
short [30]. Initially designed for incompressible flows, the k-¢
model was later extended by Han and Reitz [31] to include the
compressibility effects of the flow. However, recent studies
indicate that due to the model's complexity and lack of
sensitivity, the impact of turbulence on the acoustic field
within the cylinder, which is crucial for predicting and
optimizing combustion and pollutant emissions in diesel
engines, remains inadequately modeled [32-35].

During the engine modeling process, special focus is placed
on the injection tilt angle and the shape of the piston bowl.
Prior studies suggest that appropriate modifications to these
parameters can lead to more stable combustion and improved
control of pollutant emissions [36-42]. The aim of this study
is to elucidate the effects of methanol and spray tilt angle on
combustion and pollutant emissions in a diesel engine.

2. MATERIALS AND METHOD
2.1 Materials

The efficiency of the diesel engine is based on good
combustion, and in medium-weight engines, the interactions
between the fuel spray and the piston tank walls play a very
important role in defining the heat release rate. Staged lip
pistons promote turbulence phenomena that are the result of
faster and more efficient heat release, but it is important to note
that this behavior is more observable for late injection stalls
where the engine is not operating at its maximum efficiency



[43]. From the above, Figure 1 represents a new medium-
weight diesel search engine was carried out at Sandia National
Laboratories, to ensure quality research on the combustion of
pollutants and methods of heat loss through walls to improve
its efficiency. Based on the data from the previous study, our
research topic was experimentally validated, Tables 1 and 2
represent respectively the engine parameters and the properties
of the injected fuels.

Note: 1-Cast alumium cylinder head; 2-Custom deck adapter facilites
conversion to optimal engine; 3-Reconfiguration, belt-driven Lanchester
balancing box; 4-Control of intake flow rate, composition, and temper.

Figure 1. Experimental diesel engine [44, 45]

Table 1. Engine parameters

Bore>Stoke 99x109 mm
Displacement engine 0.477 L
Compression ratio 16.2
Nozzle diameter 0.254 mm
Fuel decane C10H22
Fuel injected per orifice 29.58 mg/cycle
Injection pressure 800 bars
Injection start timing 10 CA
Injection duration 200 CA
Spray direction 700 W|that)r(1i2 cylinder

Coordinates of spray

emanation point x=0,y=0, 2=2e-5m

Engine speed 2000 rpm
Number of nozzles 7
Intake valve closed (IVC) 5700 CA
Exhaust valve opened (EVO) 8330 CA
Swirl number at IVC 13

Table 2. Properties of diesel and methanol fuel [10, 46]

Properties Diesel Methanol
Molecular formular C10-Ci1s CHsOH
Molecular weight 190-220 32
Heat of evaporation [kJ/kg] 260 1178
Lower heating value [MJ/kg] 425 19.7
Kinematic viscosity at 20°C [m?/s] 3.35 0.734x10
Density at 20°C [kg/m3] 840 790
Stoichiometric air fuel ratio 14.7 6.45
Auto ignition temperature [°C] 316 464
Carbon content [%)] 86 37,5
Hydrogen content [%] 14 12,5
Oxygen content [%] 0 50
Sulfur content [%] <350 -
Flame temperature [°C] 2054 1890
Flame spread rate - 2-4
Flame spread rate - 2-4
Boiling point [°C] 180-370 65
Research octane Number - 106
Cetane Number 51 <5
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2.2 Methodology

2.2.1 Use of CFD

Computational fluid dynamics (CFD) is a powerful tool for
reducing the number of tests required to develop a new process.
This is particularly interesting for internal combustion engines,
for which bench testing is expensive. In fact, in this domain,
where experimental testing is particularly costly and time-
consuming, simulations can be a good approach. Although 0D
models can be implemented easily, the fact is that they are less
efficient than CFD models, which are simply numerical
computations applied to fluid mechanics. This consists of
solving in a given geometry the fundamental equations of fluid
mechanics, which can optionally be coupled to the heat
transfer or chemical reaction equations. Indeed, its low cost
compared to that of experimental measurements makes it
possible to multiply numerical tests. This is usually a first step
in the development of a new process for operating automotive
engines or the use of new fuels that pose many physical
problems requiring modeling. The code and calculation
algorithm are shown in Figure 2 below.

[ Engine sector geometry ]
[
!

Fluld domain modelling mesh

generation

Thermodynamic properties
v Chermcal reduction mechamsm
Injection ration and timing

Boundary conditions Cmiglzmﬂ mxidel
setting
r Y
CFD solving \ alidation with literature
Expe'mmmal data

Turbulence model
Convergence

CFD Results

Emission parameter
Co
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NO2
Nox
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Performance parameters

Power

IMEP

Thermal
efficiency

Heat Release
Cylinder pressure

Figure 2. Flowchart of the numerical study

2.2.2 Injection profile

The injection profile presented in Figure 3 is one of the most
important parameters in the operation of engines. It provides
the injection pressure required for atomization in the
combustion chamber and determines the characteristics of
combustion. This parameter has a direct impact on fuel
consumption, emissions, and engine noise in general. For these
effects in simulation work with CFD codes, special care must
be paid to the injection profile to ensure a good fit and avoid
these phenomena. The injection rate used in this study is that
obtained from the Sandia search engine (see Figure 1). We
used this data to infer the speed profile. The diagram shown in
Figures 4 and 5 represents all the injection characteristics.
These characteristics make it possible to give the spray the
correct position and orientation in order to stall the problem.
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Figure 3. Injection rate profile
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Figure 4. Spray tilt angle
Figure 5. 3D view spray location system
2.2.3 Spray orientation

For this study, we not only implemented the standard k-¢
turbulence models and the k-¢ RNG model in order to
understand the phenomenon of turbulence during combustion,
but we also calibrated the injection spray from two different
angles, allowing us to observe variations in turbulent
combustion parameters. The Sandia search engine has been
designed to perform laboratory tests with a view to optimizing
and promoting the reduction of pollutants from a direct
injection diesel engine. The inclination of the jet during design
is approximately 61.5° between the cylinder wall and the
piston head. For this study, we opted to move the jet closer and
farther, about 1.5° around the initial tilt angle. This study was
carried out near the initial angle in order to observe variations
in the combustion process under the influence of two
turbulence models. This allowed us to perform scenarios at 60°
and 63°, not far from the initial angle. This is in order to predict
better decision-making during the design and positioning of
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the jet for the optimization or not of combustion. This will
allow us to draw conclusions based on the work of Laid and
Zoubir [42] or Paryri et al. [47], who present the effect of the
inclination of the combustion jet at two angles of inclination
around the initial angle of inclination. The results show that by
moving the angle of the spray of fuel away from the piston
head wall, the wall does not interfere with the path of the spray.
This will increase turbulence by creating intense mixing and
combustion, hence the influence on pollutants.

2.2.4 Governing equations of CFD
The equations needed to model the flow of the fuel spray
and the associated phenomena will be shown in detail.

2.2.5 Eulerian phase

The Eulerian phase contains the vapor phase of the fuel and
the ambient air. The behavior of the Eulerian phase is
represented by the Navier-Stokes equations: conservation of
mass, momentum and energy. For conservation of mass, Eq.
(1) is used.

% _(pvul) =Sm (1)

With the density of steam py, The components of Eulerian
velocity uj and the term.

Source obtained by droplet evaporation Sp. This term
allows the coupling between the Lagrangian and Eulerian
phases. The term source makes it possible to add to the
Eulerian phase the mass lost during the evaporation of the
liquid phase.

For the conservation of momentum, Eq. (2) is used:

a-[..
+ —Y+5
ax;

o (o) + 2=(puuru) = 22 @

With absolute pressure p and the stress tensor t;; given by
Eqg. (3).

ou;
Tjj = 215; - glekk(SU l-l( = (3)

xi

With the Kronecker symbol &;;. The term source St comes

from the drag force of the droplets and is equal to the inverse
of the momentum transfer.
For energy conservation, Eq. (4) is used:

alh

™ (Pv eclj) = - (p uj) t o

+Se

(pV et) (Tu U.)

(4)

For energy conservation, Eq. (4) is used: e; and heat flux
q; are calculated with Egs. (5) and (6).

__+_
et 172 Ui Ui

©)

q:=- kvax (6)

Jj

With adiabatic index Y;, of gas and thermal conductivity
index k,, gas. The term heat transfer source S, is the inverse of
heat change caused by evaporation and conduction.

2.2.6 Lagrangian phase
The Lagrangian phase contains the liquid phase of the fuel.



This phase is superimposed on the Eulerian phase and transfer
terms make it possible to link the two phases. The equation to
be solved is that of conservation of momentum.

dul _

m Fr(uy—u) + Fmy +

g (p1-Pv)
Pl (7)
The momentum contains the forces that are applied to the
drop, namely drag force F+, virtual mass Fmy and gravity g.

The equations for the forces Fr and Fuy are given by Egs. (8)
and (9).

_ 18uy CpRer
= pa? za )
—lpcd 0
Fumv = 2 pr (uy —w) 9)

Relative Reynolds numbers Re, and drag coefficient Cp are
calculated with Egs. (10) and (11).

0.424, Re > 1000
Cospher= {3(1 +2Re?/3), Re < 1000 (10)
Re 6 -
vd
Re, = %(u.—uv) (11)

The term drag is the dominant term in the equation,
considering the high relative velocity of droplets in ambient
air. The virtual mass force is calculated with the inertia of the

displaced volume and is proportional to the density of the fluid.

Since air is much less dense than fuel, this term is quite weak,
and it is possible to overlook it. Since the size of the drops is
less than 0.1 mm, the force of gravity is minimal, which also
makes it possible to neglect the term gravity. By limiting the
equation of the balance of forces to the drag forces, it is
possible to write the equation of conservation of momentum
as follows:

dul

n (12)

=Fr (uy - ul)
2.3 Combustion modeling

2.3.1 Standard k- model

This model developed by Launder and Spalding [23] is the
simplest of the turbulence models generally used in CFDs. The
k-¢ model is a semi-empirical model that assumes that the flow
is totally turbulent and that the effects of molecular viscosity
are negligible. This model uses two transport equations to
independently determine turbulent kinetic energy x and its
dissipation rate € [23]. The model is computationally efficient,
robust, and reasonably accurate for many turbulent
applications. This model is generally popular in an industrial
context. The transport equations of k and & are written
according to Egs. (13) and (14).

%w.(ﬁalz):-gpav.au&—

- . 13
V. [T VE]- pe + e (13)
Pry
0pE e 2 e
§+v.(pue):-(gcsl—cg3 )PEV. il .
+V. [U;-:T Vg] +% [Coi(G—T):Vii — Cppé+Cs VI_/S]

In these equations Pry, Pre, Ce1, Ce2, Ces, are constants of the
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model. The source terms involved WS are calculated based on

the droplet probability distribution function. Physically, W* is
the negative of the rate at which turbulent eddies do a job of
dispersing spray droplets. Cs=5 was suggested based on the
assumption of retention of the length scale in spray/turbulence
interactions.

2.3.2 RNG k-¢ model

This model is a variation of the standard x-¢ model. The
advanced (and recommended) version of the k-¢ model is
derived from group theory (RNG), first proposed by Yakhot et
al. [29]. The equation k in the RNG version of the model is the
same as in the standard version, but equation ¢ is based on a
rigorous mathematical derivation rather than empirically
derived constants. The RNG equation ¢ is written as follows:

ape o 2 o
§+ V.(plié) =- (ng — Ce3 )PEV. U

+V. [v;.:: Vé] +§ [Coi(G—T): VI — Coypé + Cs [,T/s] (15)
-pRc

where, the last term R on the right side of the equation is
defined as follows:

3 n
_ Cun (1—%) ﬁ

=R (16)
With
n=sk, (17)
S=.(2S:95) (18)
And S is the tensor of the mean strain rate,
5=0.5 (Vi + Vi) (19)

Compared to the standard & equation, the RNG model has
an additional term, which takes into account non-isotropic
turbulence, as described by Yakhot et al. [29].

Model constant values Pry, Pr, Cg, Ce2 et Cez used in the
RNG version are also shown in Table 3. In the ANSY'S Forte
implementation, the RNG value of the variable is based on the
work of Han and Reitz [31], who modified the constant to
account for the compressibility effect.

_ —1+42C —3m(n - 1) + (=1)®V6C,Cyn

= . 20)
where, m=0.5, n=1.4 for an ideal gas, and
n(1-75)
= 110 21
1+8n3 ( )
with
_(1siVii<O0;
- {0 si Vi > 0. (22)

Using this approach, the value of Cgs varies in the range of
-0.9 to 1.72621, and in ANSYS Forte is determined
automatically, depending on the flow conditions and the
specification of other constants in the model, no et . Han and



Reitz [15] applied their version of the RNG k-¢ model to
engine simulations and observed improvements in results
compared to the Standard Model.

Table 3. Values of constants in turbulence models k-¢ and

RNG-¢
Cu Cal Ce2 Ces
k-¢ standard 0.09 1.44 1.92 -1.0
RNG k-¢ 0.0845 1.42 1.68 Eq. 2.19
1/Prk 1Pr. 7o p
k-¢ standard 1.0 0.769 - -
RNG k-¢ 1.39 1.39 4.38 0.012

2.3.3 NOx formation model

The mechanism of NO formation has been studied by many
researchers.

Zeldovich et al, however, showed the particular role of the
following reactions in the formation of NO. The NO
concentration is calculated decoupled from the combustion
phenomenon, i.e., by a post-treatment procedure, established

from the reversible reactions of the Zeldovich mechanism [29]:

d[NO] _ 2R{1~(INO]/[NO]e)*}

[NO] 23
dt 1+iNol R,/ (R2+R3) (23)
where, the following notations have been introduced,

designating by [ Je the equilibrium concentrations. The
concentration of NO in Eqg. (23) can be converted into a mass
fraction as:

d&m_?(MMQRdl—dNMANma%

pc.v
dt @%%EK&+&)

24)
1+

2.3.4 Soot formation

Concerning soot, an empirical model is used by considering
two competing reactions: soot formation and soot oxidation. It
is easier to implement with the CFD program because it
provides empirical equations that must be adjusted to match
the experimental soot profile. One of these most widely used
models was proposed in 1983 by Kadota and Hiroyasu [48],
directly applicable to engine simulation. This model was
implemented by Zhao et al. [49] for developing a diesel engine
and is confronted by other models. It follows equations that
calculate soot formation rate using soot formation rate and
oxidation rate in Arrhenius-type equations:

AdMsoor _ AMsoot
T - ( dt )formation
AdMgoo; (25)
_( dt )oxydation
dmsoot _
( dt )formation - (26)
E
A 0.5 __f
fmfuelp exp( RT)
dmsoot
( dt )oxydation =
27)

1.8 EO
AOmsoothzp ’ exp(_ ﬁ)

where, m,,, is the mass of net soot formed, mg,,,, is the mass
of fuel vaporized, X, is the molar fraction of oxygen, E; and
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E, are the activation energies of soot formation and oxidation,
respectively, A and A, are parameters that can be adjusted to
match the simulation to the experiment.

2.3.5 The injection model

The KH-RT model suggests that the disturbance of the
liquid is due to two types of instabilities: the first instability is
of the Kelvin-Helmholtz type Based on the linear theory of
instabilities, Reitz obtains the wavelength A_KH and the rate
of increase Q KH of the fastest growing wave. Based on the
dimensionless numbers of the problem, Reitz gets the
following correlations [50]:

9.0275(1 + 0.45VZ)(1 + 0.4T27)

28
KH (1 + 0.865We™67)07 (28)
). _ 034+038Wes | g -
K™ (1 +2)(1 + 1.4T°6) |p,r3 (29)

2.3.6 Initial and boundary conditions

The initial and boundary conditions make it possible to
specify the size or scope of the models when solving problems.
They also describe the phenomena of these models, then detail
the new phenomena and link models from different theoretical
contexts of physics. In order to carry out simulations of this
study, it is necessary to apply the initial conditions and the
limits below in Table 4.

Table 4. Initial and boundary conditions

Variable Value
Initial gas temperature 37212 K
Pressure 1.5 bar
Initial swirl ratio 15
Initial swirl profile factor 311

Turbulence Kinetic energy 10000 cm?/sec

Piston temperature 500 K
Sector angle 51.42 deg

Head temperature 470K

Liner temperature 420 K

Water injection pressure 40 bars

3. RESULTS AND DISCUSSION
3.1 Model validation

The simulated model of this engine has been validated using
the previously mentioned experimental data from the literature.
This engine is operating at 2000 rpm; an IMEP of 1 MPa was
chosen for this numerical study. Figures 6 and 7 below show
the validation of the measured and calculated cylinder pressure
and heat release curves. We can see that the correspondence of
the heat release curve is good for validation. Although it
presents higher estimates of heat release as compared to the
initial heat release, this model predicts the trend of cylinder
pressure and heat release rate, as well as the overall
characteristics of combustion. The expected ignition delay
period, the combustion time and all parameters of the diesel
engine are contained in the Table 1.

The least squares method allowed us to present the
distribution of cylinder pressure validation error and heat
release rate. It can be observed for these two cases that this
error is relatively greater between 10 to 20 degrees crankshaft
angle (Figure 8). It is estimated at about 11% for the cylinder



pressure over the entire distribution and about 9% for the rate
of heat release (Figure 9). The work of Ngayihi Abbe et al. [51]
on the simulation of Neem combustion in a diesel engine, to
predict pollutants, validates the cylinder pressure, temperature
and pollutants, then reveals that during the validation process
between the numerical simulation and experimental study, the
error interval after calculation should not be greater than 15%.

Validation of cylinder pressure and heat release rate

7 —8—EXP = SIM

Pressure (Mpa)

-60 -40 -20 o 20 40 60
Crank angle (deg)
Figure 6. Validation of cylinder pressure
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Figure 7. Validation of heat release rate
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Figure 8. Residual error for pressure
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Figure 9. Residual error for heat release rate
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3.2 Results analysis

Overall, there is a variation in combustion parameters
(cylinder pressure, heat release, and temperature) and pollutant
emissions. Particular attention is paid to the fact that in the
representations below, some results give the impression of
being missing, although they are confused with others. This is
due to the fact that their representation is made at a wider
portion around the angle of the crankshaft. In addition, the
choice of moving closer and further away from the spray by
1.5<around the initial injection and then the application of the
two turbulence models can contribute to a tendency to
superimpose the results. In order to better visualize, a portion
of these results has been included in the appendix of this work.
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Figure 11. Heat release rate variation

To understand the effect of the turbulence model and
consequently the variation of the pressure cylinder, the rate of
heat release, and pollutant emissions, an injection of methanol
(CH30H) is made at 25% and 50% of the two models of
turbulence: k-¢ RNG and standard k-¢ at two spray tilt angles
of 60° and 63°. Figures 10 and 11 show the variations in
cylinder pressure and heat generation for the injection of the
single diesel and then the simultaneous injection of the diesel
and methanol. For diesel injected alone at 60° and 63° of spray
inclination, a high peak can be observed for the inclination of
60. This is because the closer the spray is to the piston head,
the less turbulence there is. This is in line with the work of
Laid and Zoubir [42], who concludes that the variation of the
angle of the spray, even at a small angle, causes the
combustion parameters to vary. This result also shows an
increase in cylinder pressure and heat release rate of



approximately 10% and 25%, respectively, for the M+D
mixture at 2000 rpm to 25% and 50% for any spray tilt angle
and for any turbulence model used. The variation in the peak
could be explained by the fact that an appropriate advanced
timing of diesel injection results from the cooling effect of the
injected methanol [10]. The pressure in the cylinder increases
with the percentage of methanol injection due to the timing of
the absorption of the advanced timing of diesel injection,
which results from the absorption of greater compressive heat
by the presence of excess methanol [10].

The pressure in the cylinder increases with the percentage
of methanol injection due to the start-up moment of the
absorption of the advanced timing of the diesel injection,
which results from the absorption of more heat of compression
by the presence of excess methanol [10]. During this period,
the advanced timing of diesel injection with the increase in the
percentage of methanol injection also allows enough time for
diesel fuel to mix with the methanol and air, resulting in a less
homogeneous charge and allowing less fuel to burn during the
premixed combustion phase. This also explains the decrease
or increase in the rate of heat release with an increase in the
percentage of methanol injection [10].

3.3 Temperature variation

Figure 12 illustrates the evolution of the average
temperatures of a conventional diesel and diesel methanol
mixture inside the cylinder during a cycle. The injection
begins at 10° of the crankshaft angle after the top dead center,
and according to the previous curves, combustion begins after
TDC with an auto ignition time of about 11° crank angle. The
rapid combustion of air and fuel mixtures during the delay
period causes a sudden rise in pressure, temperature, and heat
release rate. During the induction stroke, temperature remains
constant, then slightly increases by 15% during the
compression stroke, and just before TDC at the compression
phase, there is a small drop in temperature due to the influence
of diesel injected cold into the combustion chamber. Then the
temperature drops during the power and exhaust strokes to its
initial value. The maximum average temperature reached is
more than 1500 K, which is that of the injection of methanol
at 50% for the RNG k-¢ model. This means that the increase
in temperature and even some pollutants are a function of the
increase in the methanol injection rate, which, in accordance
with the work of Therefore, when adding methanol to the
diesel engine, the cuts must be executed judiciously in order
to better control the combustion and consequently the
temperature. Note that the injector nozzle used in this k-e RNG
model has 60 “and 63 “inclination spray angles slightly above
those of the standard k-¢ model [38]. This shows that
increasing the inclination spray angle consequently leads to an
increase in temperature by moving the spray of fuel away from
the wall of the cylinder as it does not manage the spray pattern.
Li et al. [52] and Nang NKkol et al. [53] state in their study that
the geometry of the piston bowl brings total changes in the
combustion phenomenon resulting from the large vortex. This
may therefore explain the discrepancies between the different
injections of methanol.

It is important to note that the fuel injected is dispersed
differently in the combustion chamber due to the two injectors
simultaneously injecting diesel and methanol at different spray
angle positions. The differences in cylinder pressure, heat
release, temperature, and possibly pollutants are also due to
the differences in turbulence models applied. This can be
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explained by the fact that the spray generates turbulence, and
the intensity of this turbulence begins to increase at the top
dead center for both turbulence models. The variation in the
parameters observed in this study is therefore understandable
because it is stated in the literature that the spray does not
significantly change the length scale, which justifies the terms
of the spray equation [31]. Comparing the two cases, it can be
said that these differences are more visible after 10 degrees
before TDC, probably because the turbulence intensity and the
turbulence scale for C;3=-1.0 are smaller than those obtained
in Eq. (20). These differences in turbulence characteristics
significantly influence the prediction of combustion
parameters and pollutant emissions, hence the differences
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Figure 12. Temperature variation for different models with
spray angle tilt

3.4 Evolution of pollutants

3.4.1 Carbon monoxide

Figures 13, 14, and 15 show the carbon monoxide content
of diesel alone and the diesel methanol blend for two models
of turbulence and at crankshaft angles of 60<and 63 <of the
spray. It can be noted that the peak of carbon monoxide is
higher by about 10% to 60% for the D+M mixture during the
injection phase, but during the diffusion phase, we can notice
a considerable decrease in carbon monoxide of about 60%
between diesel and the injected D+M mixtures. According to
Chao et al. [13], their work showed an increase in the level of
CO, and this increase was estimated at about 126% at low
engine speed and 43% at high load (high engine speed). On the
other hand, Huang et al. [54] describe the opposite in their
study and note a decrease in CO emissions. It is very important
to say that CO is the result of improper mixtures and
incomplete combustion, as it is controlled primarily by the
air/fuel ratio [10]. According to Figure 11, the temperature of
the gas in the D+M engine may be lower or higher depending
on the ratio of the D+M mixture injected into the conventional
diesel engine, which may be explained by the fact that as the
temperature of the flame decreases, a quenching layer may be
created and a greater amount of methanol may be within the
range of the rich air/fuel ratio or even in the liquid state in the
extinguishing layer because the flame front spreads quite
slowly [10]. Increasing the ignition time is also a reason to
increase CO emissions, which is explained by the fact that it
causes fuel combustion in the expansion stroke, which lowers
the temperature of the gases and reduces the CO oxidation
reaction time, leading to incomplete combustion and relatively
higher CO emissions [10]. This is consistent with the work of



[10], but is opposed to the results of Lyon et al. [55]. This
opposition can be explained by the combustion time, which is
not proportional, and the flow rate of the injected methanol.
The influence of the tilt angle of spray and turbulence models
can be noticed, which also play an important role in controlling
CO emissions. For a fixed angle of 60< There is an increase
in carbon monoxide in the standard k-g model compared to the
k-¢ RNG model; on the other hand, there is a decrease in
monoxide. By comparing these pollutants at two different
angles and two different models, as shown in the figures below,
a significant variation is observed. This variation is about 10%
to 60% during the combustion phase after injection and at 10
degrees after TDC. This variation favors in a number of cases
the RNG k-¢ turbulence model compared to the standard
model, although the opposite is produced in other cases and
would be explained by other parameters later.
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3.4.2 Nitric oxide
The monoxide formation of nitric oxide is governed

1113

primarily by the maximum cylinder temperature and the
crankshaft angle at which it occurs. Figures 16, 17, and 18
below show the comparison of the nitric oxide of the
conventional diesel engine on the one hand and the engine
with injection of the D+M mixture on the other hand. The
standard k-¢ and k-¢ RNG turbulence models and the angles
60 “and 63 <are used and then compared with each other. There
is an increase in NO in conventional diesel compared to that
of the D+M mixture during the premix combustion phase. This
difference is visible in the figures below and is estimated at
30% of the peak value of diesel and at the minimum value of
the D+M mixture. Although this decrease in NO is more
observable in Figures 16 and 17, it can also be seen that at 50%
methanol injection, the decrease in NO is greater, which shows
the impact of the spray tilt angle on the evolution of this
pollutant. The reduction of NO in the mixture can be explained
by the lower cylinder temperatures produced due to the
cooling effect of the mixture. Anand et al. [56] obtained from
their work a reduction in NO of about 37.3% under full load
and concluded that smoke formation occurs in the diffusion
combustion phase and is governed by the air/fuel ratio, the
spraying properties of the fuel, and the combustion
temperature.
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3.4.3 Nitrogen dioxide

Figures 19, 20 and 21 show the variation of NO; to different
percentages of methanol 25% and 50% implemented. The NO-
concentration is obtained by removing the NO concentration
from the NOx concentration [57]. We can natice a significant
increase in the concentration of NO- in the exhaust gases when
using the D+M mixture as it increases approximately to 20%
between the maximum of the D+M mixture and that of pure
diesel fuel. The increase in NO; is quite significant when



comparing the pure diesel and the case of methanol at 50%
compared to 25%. In this case, it can be said that the increase
in methanol immediately leads to an increase in the
concentration of NO2, but the percentage increased, is less
significant which indicates a decrease in the influence rate. It
has been shown that the oxidation of methanol in NO can lead
to the formation of NO, emissions, methanol functioning as a
source of HO; free radicals [55, 57, 58]. The same reason may
have led to the increase in NOz emissions in our study Hence
a converging conclusion with the work of the latter. It is
important to note that with methanol, the engine load has a
direct impact on the increase or decrease in NO; as it has been
seen that there is poor combustion of methanol at low loads
compared to the improved combustion of methanol at higher
loads. It is then possible to say unburnt hydrocarbons contain
more methanol at low loads than at higher loads and that NOx
increases with increase in engine load. Knowing that NO; has
an adverse impact on human health at high concentrations and
over time, it is therefore important to say that the increase in
NO; emissions associated with methanol should be a call for
concern.
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3.4.4 Nox and soot

The change in NOx emissions is shown in Figures 22, 23,
and 24. The simulations are carried out at 2000 rpm and with
two different percentages of methanol injected at 25% and
50%. The reduction is about 10% to 60% for adding methanal,
then an increase in the diesel injection is inclined to 60°. It is
generally observed that increasing the engine load
automatically increases NOx emissions with the engine
running on pure diesel or D+M [57]. When compared to the
conventional engine, NOx emissions with the D+M mixture
are reduced. For this study, the increase in the methanol
addition rate thus leads to a decrease in NOx, which
corresponds to the work of Soni and Gupta [59], which makes
cuts of 5% to 30% of methanol compared to diesel. Several
factors can lead to NOx emissions, for example, when
methanol is ignited when diesel fuel is injected. Firstly, an
increase in oxygen supply could increase NOx emissions. In
addition, due to its high latent heat of evaporation, methanol
tends to absorb more heat than diesel fuel and thus lowers the
combustion temperature, resulting in reduced NOx emissions
[57]. Studies show that methanol can lead to an increase in
ignition time, resulting in an increase in fuel consumption
during the premixed phase [54] and thus an increase in
combustion temperature. These positive and negative
phenomena compete with each other and could lead to an
increase or decrease in NOx emissions. Huang et al. [54]
demonstrate that there was both an increase and a decrease in
NOx emissions under different operating conditions. Chao et
al. [13] performed two steady-state tests, one at high engine
load and the other at low engine load, using up to 15% volume
of methanol. Their work showed that the maximum reduction
in NOx emissions was 9% at high engine loads and 26% at low
engine loads. The reduction value is similar to that obtained in
our study. It is obvious that at high load, the temperature of the
gas inside the cylinder is higher during the intake process,
which will weaken the effect of methanol on lowering the
combustion temperature. Moreover, at high loads, the excess
air ratio will be much lower, and thus the oxygen in methanol
molecules will play a more important role in the formation of
NOx. Thus, compared to low engine load and medium load
conditions, we can say that the NOXx reduction effect is
weakened.

As for Figures 25, 26, and 27, they show the variation of
soot. We can notice a dominance of conventional diesel over
the D+M mixture on the one hand, and on the other hand, the
opposite occurs in some cases. Figures 22 and 23 show that
the injection of pure diesel fuel at an inclination spray angle of
60 “increases soot. A difference is estimated at 40% between
this diesel injection and the minimum injection of D+M
mixtures. On the other hand, Figure 24 shows the opposite, as



we can observe an increase in soot in the D+M mixture of
about 22% this is in phase and then in contradiction with the
work of Jin et al. [60]. This contradiction can be explained by
the difference in the turbulence models applied, the methanol
injection rate, to the regime whose scenarios are executed and
depending on the angle of inclination of the spray. From
Figures 22 and 23, at a fixed angle of 63 < there is an increase
in soot at the engine exhaust and a decrease in Nox, which
shows a favorable reduction with the RNG k-g& model after
injection, that’s to say 10 degrees after BTDC. With injection,
the synchronization delay is predicted in both cases. However,
the magnitude of the predicted soot is affected by the
compressibility flow in the turbulence model. For this same
angle of inclination of spray, and in comparison, with the two
models of turbulence (Figures 20 and 21), it appears that the
NOXx decreases by 5%-11% and the soot from the RNG k-¢
turbulence model increases by 5%-10% compared to the
standard k-& model. However, the opposite happens for fixed
tilt angles and/or fixed models. This can be seen on Soot at 60 <
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At the end of Figures 20, 21, 22, and 23, it is found that
varying the angle of inclination for any turbulence model
results in a significant variation of nox and soot, which occurs
by reducing the nox in a greater number of cases and
increasing the soot. The opposite case is produced in other
scenarios; this can be explained by the fact that the shape of
the piston bowl plays an important role in the distribution of
pollutants. Moreover, increasing the angle of inclination of the
spray according to the work of Tian and Wong [61] increases
the temperature inside the cylinder, which leads to an increase
in the amount of nitric oxide produced. The variation of results
obtained explains that taking into account the details of a
turbulence model, given their complexity, the spray inclination
angle is necessary during the development of models to predict
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the pollutant emissions of diesel engines. As noted above, the
differences observed in Figures 22 and 23 are due to the effect
of flow expansion terms in the turbulence model.
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3.4.5 Unburned hydrocarbons

Figures 28, 29, and 30 show the evolution of unburnt
hydrocarbons during the combustion phase. It is seen that there
is not much difference between the D+M mixture and the
conventional pure diesel, but a slight increase of about 5-10%
of unburnt hydrocarbons in the D+M compared to the
conventional diesel. Several studies have shown an
approximately 90% increase in HC emissions under low and
high load conditions [10, 13]. On the other hand, the work of
Huang et al. [54] and Yilmaz [62] described that there was no
significant difference in HC emissions from the combustion of
methanol and diesel, although the percentage of methanol
injected remains an important factor to be considered. It can
therefore be concluded that the work of Huang et al. [54] is in
line with this study for almost a concordance of the
hydrocarbons, which do not change significantly, but is



opposed to the work of Chen et al. [57], whose increase is
about 90%. This can be due to several parameters, such as the
quantity of methanol injected, the range of speed injected, and
the quality of the combustion obtained. Fumigation or the
addition of methanol may result in increased HC emissions
compared to the premixed approach with diesel and methanol
[10]. When combustion is incomplete, this can lead to an
increase in the level of unburnt hydrocarbon emissions [62].
Yao et al. [10, 63] at the end of their research claim that the
lower temperature of the D+M mixture makes combustion
incomplete, especially when the level of injected methanol is
low, which could result in a lean air + methanol mixture
burning at low engine loads. In addition, several locations
within the engine, including the clearance volume, are
responsible for retaining a quantity of D+M mixture that could
not be burned until it escapes from these locations in the
exhaust process and contribute significantly to the increased
rate of emission of unburnt hydrocarbons [10, 63].
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4. CONCLUSION

Computational fluid dynamics can be used to predict
combustion parameters and pollutant emissions in the case of
the internal combustion engine. It is therefore linked in parallel
with the experimental and the digital for validation reasons,
which gives relevance to the latter because its rendering tends
towards the real and the concrete. For this study, a CFD
simulation was performed to analyze the injection effect of
methanol and the angle of inclination of the spray based on the
implementation of the standard k-g¢ and k-¢ RNG turbulence
models to predict the combustion parameters and pollutant
emissions of a diesel engine running at 2000 RPM. A CFD
model was made and validated with the experiment, and then
comparisons were made between the combustion parameters
resulting from the calculation and the pollutant emissions. The
results show the significance that exists when adding methanol
to diesel and varying the spray inclination angle in a diesel
engine. The results also show that when methanol is injected
into a compression-ignition engine, its injection rate greatly
influences combustion by acting on temperature and
consequently on pollutant emissions. It appears that the choice
of turbulence model to adapt for modeling and the spray
inclination angle are steps of rigor because of their choice in
order to decide the quality of the prediction of combustion
parameters and pollutants. In the case of this study, it follows
that the RNG k-g& model reduces NOx and other pollutants at
the exhaust of an internal engine, although soot showed the
opposite with a slight increase. It has been seen that the
geometry of the piston bowl and the spray angle play a great
role in the combustion parameters. Turbulence in an internal
combustion engine can be a difficult task to control, so taking
into account its behavior would be wise for future studies. For
better analysis, the inclination angles of the spray can be
chosen over several steps by moving them closer and further
away from the initial angle.
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