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ABSTRACT

In this study the methane combustion was analysed with the TiO2 nanoparticles. A series of the
simulation runs were performed by varying the fuel inlet velocity. However, the oxidizer and the
nanoparticles spray were maintained constant for the entire run. The spray velocity varied from 100
m/s to 200 m/s with titanium dioxide (TiO,) nanoparticles. Using the series of the governing equation
and modified Navier Stokes equation the model has been developed with the aid of numerical
workbench. Three different domains are generated for fuel, oxidizer and nanoparticles. The velocity of
the air and nanoparticles were maintained at constant levels and varying only the spray velocity of the
fuel. Based on the findings, the mass fraction of both fuel and formation of the CO2 were dependent
on the spray velocity. As the spray velocity increases the turbulence in the combustion chamber
increases which ensures the higher mixing of both air-fuel and nanoparticles. From the procured
findings 175 m/s and 200 m/s were the ideal range for better combustion efficiency compared to 100
m/s and 150 m/s. The simulation results have ascertained the role of the spray velocity on the
emissions and the combustion efficiency of the engine. It is hoped that obtained results can provide
directions to work on the combustion of the methane with the nanoparticles at the optimized spray
velocity.



1. Introduction

There is a finite supply of petroleum, and it will run out in the near future. Demand for energy has risen
dramatically as a result of an increase in the population’s growth rate. The fossil fuels extracted from
current petroleum reserves contribute significantly to today’s energy generation. Because of this, the
world’s remaining supply of petroleum products like gasoline, diesel, and by-products isn’t far away.
Fossil fuels used in internal combustion engines, such as aviation fuels, and diesel fuels threatens the
environment and affects very badly. In spite of their high efficiency as energy converters, compression
ignition engines do environmental harm with their exhaust pollutants [1-3]. Heavy-duty diesel engines
are the backbone of today’ s global transportation industry. For decades, diesel engines have been
powered by the usage of conventional diesel fuel. Diesel is the best fuel for compression ignition in
diesel engines because of its features. Conventional diesel, on the other hand, has been plagued by a
number of problems. There are many dangers to transporting and storing diesel because of its low
flash point. Modern diesel engines’ exhaust emissions and performance can be improved by switching
to alternative fuels or energy sources, therefore this is an urgent necessity.
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Fig. 1. Meshing model of fuel and air domain.

Table 1 Model settings.

Flow maodel Steady- Three dimensional

ol L4 Thermal-Zeldovich

Wall oeatment No dlip

Fluid Ideal gaz

Enthalpy Segregated fluid

Flow Segregated — Turbulent

Species transport Reacting

Gas component Muld

Mesh type- Cells- Faces Muliifield reference frame — 64685443768
Materials properties Dymamic viscosicy

Turbulence model Standard k-epsilon- 55T




Table 2 Species model for the current study.

Oy 0.21

My 0.7

Other gas components 0.19

CH., 0.5

Manoparticle 0.1% v/v

Injecton velocity 100 my's to 200 ms
Injector type Swirl

There are many renewable sources of biofuels, including agricultural feedstocks, organic wastes and
algae. Using this green approach can help reduce GHG (Green House Gases) emissions. In addition,
biodiesel made from algae produces less GHG emissions [4-5]. Because of jatropha’s cultivation on
wastelands, environmental quality has improved. Potential for jatropha to improve society and the
environment has yet to be discovered. It’s therefore possible to meet both energy and environmental
needs by growing nonedible oilseed crops. As biodiesel’s oxygen content rises, the use of alcohols as
a biodiesel ingredient becomes more promising . While biodiesel has helped meet the growing demand
for alternative fuels, it has shortcomings when it comes to improving the performance of diesel engines
and reducing emissions. In the past, researchers have found issues with biodiesel. For biodiesel to have
a high brake thermal efficiency, the calorific and energy density must be reduced. Only a few blended
samples show a decreasing trend in the concentration of NOx emissions. Biodiesel’s high viscosity
makes it difficult to atomize and spray, and the combustion process itself produces more pollutants as
a result. In addition, biodiesel must be preheated to lower its viscosity before use. Furthermore, the
low cold flow qualities of biodiesel make it difficult to carry and store the fuel [6-7]. In addition to
increasing engine wear, alcohols also have a poor lubricating quality. It burns poorly and causes
knocking because of its low cetane number. Alcohol’ s energy density is lower than diesels.
Furthermore, the blend ability of alcohols

with biodiesel -diesel is slightly lower. Contrary to popular belief, mixing diesel with biodiesel and
ethanol has numerous advantages. Lower emissions can be achieved by the use of biodiesel and
alcohol because of their increased oxygen content. In contrast to biodiesel, alcohol’s viscosity is lower,
hence it increases biodiesels. Alcohol and Biodiesel are both biodegradable and clean-burning.
Biodiesel and alcohols can be added to diesel because of their accessibility, availability, and
affordability. The stability of nanoparticles as a fuel-additive is a major consideration. Because of their
vast surface area and activity, nanoparticles prefer to form aggregates. The base fluid’s nanoparticle
agitation and coagulation can be reduced by adding the correct amount of surfactant. This research
suggests that the ideal surfactant for nanoparticles can be selected depending on a number of
variables. Biodiesel feedstocks, engine emissions, and performance can all be improved by using
biodiesel or nanotechnology, despite the growing number of studies on the subject. The use of
different nanoparticles in diesel and biodiesel fuel has been shown to improve the stability,
performance, and emissions of the fuel mixes [8-9]. In recent days numerical modelling scope has been
increased due to the reliability of the numerical results from the user defined simulation. The
parameters such as biodiesel blends, fuel atomization’ s and emission models were analysed recently
using computer simulations [10-12]. In this study the methane combustion has been examined along
with the 50 ppm of TiO2 nanoparticles. The numerical model had been developed to ensure the
combustion performance and emission characteristics (see Fig. 1).



2. Numerical simulation

In this study the combustion chamber has been designed with two phase of fluid such as air and
methane. The model developed to evaluate the two-phase model via Navier stokes modified equation
and large eddy simulations [12-14].

The equation of continuity is

du  dv

E}E_ﬂ (1)

Equations of momentum [8] are
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Equation of state of the developed model is based on the Matheis et al., (2018) and Xia et al., (2021)
[15,11].

Fig. 2. Mass fraction of CH,4 at various injection velocities a) 100 m/s b) 150 m/s c) 175 m/s d) 200 m/s.



Navier strokes equation in fully conservative function Huazhou Li (2022) [16],

AE+V[(E +pu) = V.(inz—gq) (4]

Pressure evolution equation,

dp+ V.(pu) = |:,rf ,-."':.':'j":-".ﬂ--- p e Viru —g) —w(V.r) |-+
e )
N .
= 1 dp
= o J. 5
TT'-'“]Y"'.:...“ Ji (5)

Taea

The above equation (5) has been modified from the fully conservative function. The state vector
consists of p- mass density, partial densities pY; of species i = {1...N_}, ¢ - speed of sound, c,-heat
capacity at constant volume, and a, - thermal expansion and Br- Isothermal compressibility coefficient
and pu- linear momentum [15].

Total energy density,

I .
E = pe+=mu{FC) (8]

Velocity vector in a Cartesian frame of reference

Pressure p(QC)n = 'u|_u;.u_1]'r (7]

Equation of state for the multiphase problem given by,
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p- Pressure; v- function of the molar volume, T- temperature and z-molar composition, where z =
{z, e) zNi}}. R-universal gas constant. The function is based on the Peng and Robinson (1976) [16,17].

-
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Accounts for the polarity of a fluid and is a correlation of temperature T, critical temperature T. and
acentric factor w

co = 0.37464 + 154220 — 0.26%9a" (10)



Tred = T/Tc is known as the reduced temperature. The parameter a = 0.45724(R*T2/p.} represents
attractive forces between molecules and the effective molecular volume is represented by.b =
0.0778(RT/pc) The parameters required in the EOS are calculated from Reid et al. (1987) [18,19].
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with z;being the mole fraction of component i(overall or in the liquid/ vapor phase).

Fig. 3. Mass fraction of O; at various injection velocities a) 100 m/s b) 150 m/s c) 175 m/s d) 200 m/s.

2.1. Simulation model

In this study, the STAR CCM + simulation tool has been utilized to analyse the importance of the
methane and air combustion. The combustion chamber has been designed as the axisymmetric model.
Two inlets have been designed to allow air and methane. Each fluid has passed at different velocities
to ensure proper mixing in the combustion chamber. To observe the effects of fuel spray velocity four



variation studies had been done by varying the inlet velocity of methane from 100 m/s to 200 m/s in
the intervals of 25 m/s. However, the ambient velocity said to maintained constant at 2 m/s. Although
the ambient air is laminar, the methane passed at turbulent state to ensure proper mixing in the
combustion chamber. Air domain was defined with inlet velocity and outlet atmosphere opening and
the same used for the fuel inlet as well. Ensuring good mixing ratio leads to better combustion
efficiency. Standard k-epsilon turbulence model has been used to analyse the thermodynamic model
which contains five different species. All the cases were solved at the steady state conditions. Here,
there are four different domains such as air inlet, fuel inlet, wall and nanoparticle inlet. The
nanoparticles were supplied in the fuel domain in the volume basis. The wall used here is no slip wall
with no heat transfer rates. All domains are meshed in the structured sizing. The total number of nodes
and elements were 32,261 and 32,000 respectively. Post solver were used to develop the interaction
between the mesh model and the output solution [20-21]. Table 1 shows the model settings for the
current analysis. Further, the Table 2 provides the details of the flow properties used in the current
study.

3. Results and discussion

A series of test conducted by varying the fuel inlet velocities 100 m/s, 150 m/s, 175 m/s and 200 m/s.
The parameters such as CH4, 02, NO, and turbulence intensity were captured for all velocities and
compared to one another.

3.1. Mass fraction of CH4

Fig. 2 represents the distribution of the CH4 in the combustion chamber at the various fuel injection
velocities of 100 m/s, 150 m/s, 175 m/s and 200 m/s using an iso-surface model. From the comparative
representation it is clear that the velocity does not play the major role in the burning of the CHa. In all
cases, the starting point of the burning is identical. Nevertheless, the extension of the combustion core
length is higher when the velocity of the injection has been increased. When the injection velocity is
increased, the spray characteristics have been changed which effectively enhanced the distribution of
fuel in the entire combustion chamber. At 100 m/s, the distribution length is smaller compared to the
200 m/s of injection velocity. Which is clearly represented by showing the double arrow heads in the
combustion chamber.

By comparing all the velocities, the 150 m/s and 175 m/s reported higher core length than 100 m/s
and 200 m/s. When the velocity increased beyond 175 m/s, the combustion flame length was reduced.
Higher the flame length larger the turbulence intensity in the combustion chamber. When the
turbulence intensity has been increased the possibility of having complete combustion was high
[22,23]. Although the intensity of the CH4 for each case varies, they are mostly identical when the
combustion zone reaches a fully expanded state as depicted in the figures owing to the presence of
TiO2 in the combustion chamber. Irrespective of the injection velocity, the CH, variation at the exit is
similar to one another. The maximum mass fraction of 0.561 CH4 has been observed at the lip of the
combustion chamber due to the premixing of the air and fuel.



Fig. 4. Mass fraction of NO at various injection velocities a) 100 m/s b) 150 m/s c) 175 m/s d) 200 m/s.

3.2. Mass fraction of O,

In order to understand the nature of the combustion, Fig. 3 represents the mass fraction of the oxygen
molecules. There is no significant change in the O, has been observed for all cases. On the other hand,
the core length of the O, distribution was reduced when the injection velocity of the fuel exceeded
175 m/s. Fig. 2 and Fig. 3 are identical since the rate of combustion depends on the Air-Fuel ratio.
There is no evidence of the change in the vertical height of the diamond wedge which is mainly due to
the constant air speed and excess of oxygen atoms due to the addition of nanoparticles. In the current
study, the air velocity is subjected to be constant irrespective of the different fuel injection velocities.
As the length of the combustion chamber increases the distribution of the O, is reduced which denotes
the complete combustion. At the tip of the combustion chamber the presence of the oxygen molecules
was nearly zero. This typically denotes the effective mixing of the air and fuel [24]. Compared to all
velocities, 200 m/s injection velocity marginally performed higher than other velocities by clocking
higher combustion. Although there is no evidence of the change in the combustion core along the
horizontal axis, some marginal change has been observed at the vertical axis as represented using the
convention line techniques represented in the figure.



3.3. Mass fraction of NO emission

Typically, the concentration of the nitrogen was higher in the air species. During the combustion of any
fuel products emit higher rates of nitrogen or oxides. Among different greenhouse gases, the emission
of NOx was a big concern to reduce the impact of the fuels on the environment [25,26]. The possibility
of the reduction of the NOx in the exhaust is not possible. However, the concentration of NOx can be
reduced by using the green fuels such as hydrogen, methane and biodiesel. On the other hand,
attaining the complete combustion in the inside the chamber also leads to reduced formation of NO.
Fig. 4 shows the distribution of mass fraction of NO at different injection velocities. In this case, the
use of the CHz as the fuel reduced the formation of the NO.

During the process of combustion, the presence of the nitrogen is high at the tip of the combustion
chamber. As the combustion chamber length increased, the formation of the nitrogen has been
decreased drastically owing to the complete combustion. With regard to the injection velocities, there
is no evidence of change in the NO for the velocities such as 100 m/s, 150 m/s and 175 m/s. However,
once the injection velocity increased beyond 175 m/s, there is evidence of drastic reduction in the NO
formation in the combustion chamber. This depicts that, increasing the fuel spray velocities plays the
major role in achieving higher combustion which leads to lower formation of exhaust pollutants
[27,30]. To be very precise, the maximum NO obtained at the velocities such as 100 m/s, 150 m/s, 175
m/s and 200 m/s are 0.12, 0.097, 0.095 and 0.0748 respectively.

Tathaly
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Fig.5 Mass fraction of static enthalpy at various injection velocities a) 100 m/s b) 150 m/s c) 175m/s d) 200 m/s



Fig. 5 represents change in the static enthalpy of the system. In general, enthalpy of combustion is
used to calculate the intensity of the energy released when 1 mol of the CH,4 has been burnt at standard
conditions [28]. There is no evidence of change in the static enthalpy when the injection velocity of
the fuel was increased. All the cases reported the same rate of static enthalpy. The maximum static
enthalpy reported by the 100 m/s, 150 m/s, 175 m/s and 200 m/s were 1.94e6 J/ kg and the minimum
has been reported on the combustion chamber walls. Although there is no evidence of the significant
change in the static enthalpy at the combustion stage, there is a slight change in the increase of the
static enthalpy at the mid portion of the combustion chamber where the combustion is reaching fully
developed stage. As the velocity of the fuel injection increased there is slight change in the enthalpy
has been reported at higher injection velocity which is greater than 150 m/s. As the injection velocity
increased the rate of the combustion was increased which leads to higher static enthalpy.

3.4. Enthalpy of combustion

Fig. 5 represents change in the static enthalpy of the system. In general, enthalpy of combustion is
used to calculate the intensity of the energy released when 1 mol of the CH4 has been burnt at
standard conditions [28]. There is no evidence of change in the static enthalpy when the injection
velocity of the fuel was increased. All the cases reported the same rate of static enthalpy. The
maximum static enthalpy reported by the 100 m/s, 150 m/s, 175 m/s and 200 m/s were 1.94e6 J/ kg
and the minimum has been reported on the combustion chamber walls.

Fig. 6. Change in the turbulent kinetic energy at various injection velocities a) 100 m/s b) 150 m/s c) 175 m/s d) 200 m/s.



Although there is no evidence of the significant change in the static enthalpy at the combustion stage,
there is a slight change in the increase of the static enthalpy at the mid portion of the combustion
chamber where the combustion is reaching fully developed stage. As the velocity of the fuel injection
increased there is slight change in the enthalpy has been reported at higher injection velocity which is
greater than 150 m/s. As the injection velocity increased the rate of the combustion was increased
which leads to higher static enthalpy.

3.5. Effect of flow turbulence on combustion

The turbulent kinetic energy is another way to measure the effectiveness of the combustion efficiency.
When the fuel and air mixed at higher turbulence ratio there was an increase in the vaporization of
the fuel. Further, the atomization of the fuel was also increased when the turbulence intensity inside
the combustion chamber has been enhanced [11]. In order to ensure higher turbulence in the
combustion chamber, the fuel was sprayed using the swirl vanes. Using the swirl vanes enhances the
turbulence and makes sure the Fuel-Air mixes properly. Fig. 6 represents the turbulent kinetic energy
for various inlet fuel spray velocities. The maximum turbulence has been noticed at the point were the
concentration of the CH, is higher. As the length of the combustion chamber increased there was a
reduction in the kinetic energy. At the fully developed region the total kinetic energy presence is
negligible. With regard to the velocities, 200 m/s witnessed higher turbulence than other injection
velocities. In the current study, the inlet velocity of the air is constant, however there is a change in
the injection velocity of fuel. Hence the fuel plays the major role in increasing the turbulence inside
the combustion chamber. When the fuel is injected at higher velocity, high turbulence has been
created inside the combustion chamber which leads to higher rates of combustion and lower
formation of NO pollutants [29]. From the previous figures it is clear the role of the turbulence on the
efficiency of the combustion chamber and exhaust emissions were immense. In order to prove the role
of turbulence in the combustion chamber the turbulent viscosity ratio has been measured for all cases.
Fig. 7 showcases the change in the turbulence viscosity ratio for various fuel injection velocities. From
the figure it is well clear that the rate of turbulence viscosity ratio was higher at 100 m/s compared to
other cases. At lower injection velocities there is a slight increase in the combustion duration. Hence
compared to all cases, 100 m/s showed a higher viscosity ratio. From the above it is understood that
turbulence kinetic energy and turbulent viscosity ratio were opposite to one another. Larger the
viscosity lowers the turbulence energy.

3.6. Effect of vorticity on the injection velocity

Unlike the turbulence viscosity ratio and turbulence kinetic energy, the vorticity plays the crucial role
in determining the effectiveness of the combustion. Higher formation of the vortices in the combustion
chamber depicts profound change in the overall combustion. Fig. 8 shows the distribution of the
vortices inside the combustion chamber [11]. From the previous findings it is clear that the majority of
the combustion takes place near the tip of the combustion chamber and the combustion energy
dissipates as the length of the combustion chamber increases. The current vorticity images also
represent the same. Similar to above, the maximum vortices have been formed at the initial part of
the combustion and the energy of the vortices dissipates when the flow attains the region of fully
developed.



Fig. 7. Change in the turbulent viscosity ratio at various injection velocities a) 100 m/s b) 150 m/s c) 175 m/s d) 200 m/s.

However, there has been evidence of change in the vortices with respect to the change in injection
velocity. At 100 m/ s, the intensity of the vortices were not very high enough like other cases. The
formation of the diamond wedge on the 150 m/s to 200 m/s injection velocity is higher than 100 m/s.
This clearly shows the role of injection velocity on the formation and distribution of the vortices [29].
From the above it is clear that vorticity plays an important role in enhancing the combustion
performance of the engine. Fig. 9 shows the in-plane spectral contours of the change in the mass
fraction of both fuel and air. In addition to above, the distribution of the turbulence energy was also
examined.

4. Conclusion

In the current study, the influence of the fuel injection velocity on the combustion efficiency has been
examined. In order to understand the effectiveness of combustion the parameters such as mass
fraction, turbulence intensity and static enthalpy of combustion were examined at four different fuel
inlet velocities such as 100 m/s, 150 m/s, 175 m/s and 200 m/s. Change of velocity does not create a
major difference in the magnitude of the fuel mass fraction. However, the length of the flame is higher
when the injection velocity is high. Compared to all the

velocities, 175 m/s flame length is longer with better stability. However, based on the concentration
of the oxygen atom’s presence, 200 m/s injection velocity inches marginally higher than 175 m/s which
is viable by obtaining higher combustion efficiency. When the velocity of fuel injection increases the
rate of combustion increases. Nevertheless, the influence of the nanoparticles on the combustion



reaction were also enormous. With regard to the emission of the NO, the 200 m/s injection velocity
reported 46%, 34% and 25% lesser emissions than other injection velocities. Further, increasing the
velocity affects the stagnation enthalpy of the combustion positively. On the other hand, at the higher
velocities, the turbulent kinetic energy was also increased due to the lower turbulent viscosity ratio
and high vortices. From the above it is clear that, in order to achieve the enhanced combustion, the
optimization of the fuel injection velocity is crucial. By varying the fuel injection velocity one can alter
the performance of the engine by augmenting the turbulence intensity in the combustion chamber.
The predicted model can be used in future for a wide range of test blends.

Fig. 8. Change in the vortices at various injection velocities a) 100 m/s b) 150 m/s c) 175 m/s d) 200 m/s.
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Fig. 9. In-plane spectral distribution for various contours at 200 m/s.
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