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been introduced as an alternative to reducing the exhaust emissions from the gasoline
engine, one of which is the use of bio-petrol. Bio-petrol may be derived from
agricultural crops, including conventional food plants or from special energy crops. The
aim of this study is to investigate the effect of high ambient combustion chamber
pressure of the gasoline engine on the spray characteristics by means of the
computational fluid dynamics (CFD). For this study, the simulation works was carried
out using ANSYS Fluent by considering the pressure base with absolute velocity
formulation and steady state condition as well as using k-epsilon viscous model. The
ambient pressures which are elevated from 0.6 MPa to 1.6 MPa with 0.2 MPa
increment step under the variant injection pressure and orifice diameter. The injection
pressures are varied at 13, 16 and 19 MPa, while the orifice diameter used in the CFD
simulation are 0.22 mm and 0.263 mm. The ambient temperature on the other hand
is keep constant throughout the research. This simulation study found that the size of
the cone spray angle is larger at high ambient pressure. Besides, the size of the cone
spray angle is believed to be affected by the orifice diameter and injection pressure. In
addition, the length of spray penetration is also increase as the ambient pressure
elevated. This study can be further analysed by future researcher in finding the most
efficient air-fuel mixture.
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1. Introduction

The Internal Combustion (IC) engine is classified as a thermal engine. Its cycle direction that was
characterized by the output of work is the essential feature of the thermal engine. Apart from diesel
fuel, gasoline or petrol fuel is the other commonly used fuel to run an IC engine specifically the
gasoline engine. The gasoline engine which also known as the spark ignition (SI) engine is a type of
internal combustion engine other than the compression ignition (Cl) engine [1-5]. The presence of
spark plugs in the construction of Sl engine is vital as the ignition process will be carried out as soon
as the spark ignites a mixture of fuel and air that were compressed inside the combustion chamber
[6-8]. Gasoline which is also known as petrol is a type of flammable liquid that was derived from
crude oil or petroleum. Crude oil is a type of limited non-renewable resources with a high complex
mixture that composed from hydrocarbon and other organic matter deposits [9-11]. This oil will be
going through specific refinement process before the standard gasoline oil is produced. Gasoline used
in IC engine has significant effect in both environment; for example smog and human health by
affecting the endocrine functions [12-14]. The negative impacts of it have been seen as one of the
starting point to the introduction of bio-fuels.

A new concept of in-cylinder mixture formation which combines the best features for both the
diesel and the gasoline engines is introduced to increase the efficiency of the fuel-air mixture, known
as the gasoline direct injection (GDI) engine [15-16]. The direct injection method for GDI engine is
done either through direct injection of liquid fuel or direct injection of pre-mixture injection [15-17].
GDI promotes numerous advantages that highly affect the performances of a vehicle even at
standard ambient pressure. Vehicles that are occupied by GDI appear to have a higher power output
compared to the other common carburettor and surprisingly more fuel efficient [18-19]. Besides, it
can also accommodate alternative fuel, ensures drivability and smooth operation [19]. However,
these advantages depend on the proper preparation of the air-fuel mixture and its distribution inside
the chamber by the spray formation injected through the nozzle [20-21]. In a nutshell, the nozzle
spray characteristics give the major significant to the combustion process of GDI engine.

Computational fluid dynamic (CFD) is a powerful tool in the form of software that provides
platform to investigates the fluid flow, heat transfer and some other related phenomena like
chemical reactions, using its analyser tools and simulation is carried out in computer [22-24]. It
provides a wide range of applications in various sectors where it can be applied such as in marine
hydrodynamics [24], vehicles and aircrafts for aerodynamics studies (e.g. drag and lift), turbo
machinery for the flow movement inside the diffuser and rotating access, power-plant for
combustion in gas turbines and in internal combustion engines, environmental engineering for the
distribution of pollutants and effluents, and many more [23]. Therefore, this special tool might assist
user to improve understanding on numerical analysis and algorithm, predicting the outcomes and
shorten the development time needs regarding fluid flows [22-23]. In this study, the CFD simulation
is applied to investigate the results on spray characteristics of fuel at variant ambient pressure under
variant conditions. Different ambient pressure elevated from 0.6 MPa to 1.6 MPa was considered in
this study to analyse the effect of variant as well as high ambient pressure on spray characteristic in
gasoline engine using CFD. Also, the ambient temperature on the other hand is kept constant at 300K
in the combustion chamber throughout the computational analysis. Other variable parameters such
as the injection pressure and the orifice diameter are also taken into account in order to ensure that
the comparison between the final results of this study can be compared with previous researches.

The numerical and computational study as a secondary approach may provide better and more
comprehensive information on the impact on the spray characteristics under the operating condition
of the engine. This will assist us in refining the correct method of mixing, ratio and injection as well

37



CFD Letters
Volume 12, Issue 5 (2020) 36-51

as achieving lower emissions and more effective combustion. Therefore, this study is aim to
investigate the effect of high ambient pressure using CFD which focusing on the spray characteristics
of fuel combustion in gasoline engine. Results obtained from the CFD investigation is useful as
reference for the purpose of comparing, assessing and verifying the experiment outcomes. In
addition, the CFD simulation studies also offers less time consuming and also cost efficient.

1.1 Ethanol

Ethanol (CH3CH,OH) is a type of renewable fuel that was produced from various plants. Ethanol
is a natural by-product of plant fermentation such as sugarcane, grain straw, maize and brown
seaweed [4, 25-27]. The use of ethanol as fuel has shown potential in positive prospective in reducing
the greenhouse gas emission, mainly due to the particles of the carbon dioxide (CO3) which is part of
the exhaust product for the ethanol combustion is absorbed by plants to help during photosynthesis.
Blends of ethanol-gasoline are often used to operate on Sl engine, however, vehicle have to undergo
vehicle modification especially re-calibration on the carburettor and increased heating of the air fuel
mixture as the properties of ethanol are different from gasoline [4, 25-26]. The comparison between
ethanol and gasoline are tabulated and shown as in Table 1 [28-29].

Table 1

Comparison of various properties of gasoline and ethanol [28-29]
Properties Ethanol Gasoline
Formula CH3CH20H C7H16
Density at 15°C (kg m™3) 795 750
Viscosity at 20°C (mm? s!) 1.52 0.4-0.8
Calorific value (MJ kg!) 26.4 43.3
Octane number VM 108 95
Boiling Point (°C) 78 30-190
Vapour pressure (kPa) 16.5 75
Oxygen content (% vol) 34.7 <27
Carbon content (% wt) 52.2 85.5
Sulphur content (ppm) 0 ~ 200

1.2 Spray Characteristics

Two spray characteristics that were analysed in this study are spray tip penetration and spray
cone angle. It can be affected by several factors such as the injection pressure, ambient condition
(i.e. ambient pressure and ambient temperature), fuel type and the nozzle design [16]. The
penetration of the spray tip equals to the distance of the spray formation from the tip of the injector
nozzle to the tip of spray. Asides, the spray angle is measured from the outer to the centre edge of
the spray [30].

1.2.1 Spray tip penetration

Spray tip penetration is measured from the tip of the nozzle to the tip of the spray, and this length
is usually influenced by ambient pressure of combustion chamber [16, 30]. The penetration of the
spray nozzle at high ambient pressure, appears to be much shorter. Besides, the design of the
injection nozzle and the injection pressure are among the factor that could influence the length of
the spray formation. The spray tip penetration at lower ambient pressure might increasing rapidly
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compare to that at higher ambient pressure which primarily due to lower nitrogen density, therefore
allowing the development of much longer spray penetration [16].

1.2.2 Spray cone angle

As the fuel leaves the orifice at high speed due to high injection pressure, the fluid flow splits into
the ligaments and then into the droplets. In this, the spray takes the shape of a cone at a certain
angle, and the liquid droplets occupy a considerable fraction of the gas volume in the chamber as
illustrates in Figure 1. In the CFD analysis, the angle of the spray cone is achieved by taking
measurements of two points at the periphery of the spray opening. Since this study was carried out
under variant ambient pressure and injection pressure of pure gasoline and its blends, the
measurement of spray cone angle was covering the wide range of ambient pressure from 0.6 MPa to
1.6 MPa. It is reported that higher ambient pressure could contribute a better vaporization while
some previous studies exposed that ambient pressure has a greater impact on the spray cone angle
than fuel injection pressure [18, 31]. Aside, the presence of the ethanol volume fraction in the
gasoline fuel it is believed to be one of factor that could also affect the spray cone angle [32].
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Fig. 1. Schematic of fuel spray through injector hole [15]
2. Methodology

Few studies have been conducted on recent decades to analyse the effect of ambient pressure
on spray characteristics, internal fuel combustion and exhaust emission flow system [23, 33-34]. CFD
is a special tool that provides platform to investigate and improve understanding on numerical
analysis and algorithm, shorten the development time needs regarding fluid flows. It is
comprehensively used in the prior stage of engine design which involve in selection of injection
strategy [35]. This is due to the ability of to provide more detailed information on in-cylinder mixture
formation and spray impingement through the CFD-based engine modelling [16, 22].
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In this work, a fuel injector model associated with spray chamber has been prepared. The model
was developed based on actual fuel injector component geometry used in gasoline engine in
laboratory at particular scales. For this study, six different ambient pressure which stimulates at 0.6
MPa, 0.8 MPa, 1.0 MPa, 1.2 MPa, 1.4 MPa and 1.6 MPa are used to analyse the impact of high
ambient pressure on fuel spray characteristic in gasoline engine by means of CFD. Other parameters
such as the injection pressure and the orifice diameter are also set at different value to ensure that
the final results of this computational study can be compared with previous researches. The injection
pressures are set at three different parameters which are 13 MPa, 16 MPa and 19 MPa. In addition,
the parameters for the orifice diameter that used in the CFD simulation are 0.22 mm and 0.263 mm.
The ambient temperature on the other hand is kept constant at 373K in the combustion chamber
throughout the research. The parameter conditions and boundary conditions that used in ANSYS
Fluent simulation work is detailed in Table 2. Asides, the flow chart for the Computational Fluid
Dynamics (CFD) simulation process methodology is shown in Figure 2.

Table 2
Parameter conditions for ANSYS Fluent test
General Pressure based with Steady state
absolute velocity
formulation
Model Species transport Bio-petrol
Viscous k-epsilon Realizable
Material Air Bio-petrol

Boundary Condition

Air inlet = pressure
Ambient temperature
Orifice diameter

Fuel inlet = pressure
373K
0.22 mm

0.263 mm
0.6 MPa
0.8 MPa
1.0 MPa
1.2 MPa
1.4 Mpa
1.6 MPa
13 MPa

Injection pressure 16 MPa
19 MPa

Operating parameter
Ambient pressure

The spray injector was designed to be concentrated on the injector head and the spray chamber
using a 3D developer software package. A finished spray injector has six symmetry nozzle holes with
an angle of 60 degrees between each hole. Thus, this study will only focus on one out of six holes
designed to be less time-consuming, and will also help minimise any possible error during simulation.
Figure 3 depicts the geometry for 1/6 part of nozzle injector. Meanwhile, Figure 3 and Figure 4 show
the injector nozzle of gasoline engine which linked to the spray chamber.

Pre-processing, solver and post-processing are the three main processes involved in CFD analysis.
By means of ANSYS Fluent solver, the simulation works begin with the pre-processing step in the
development of a solver followed by post-processing, where the results of the analysis are reviewed
by generating graphical applications, animations and reports. The outcomes of the simulated tests
shall be used to examine and evaluate the characteristics of the spray.
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Fig. 2. CFD simulation process flow chart

Fig. 3. Model of injector and Fig. 4. The injector nozzle connected to
spray chamber the spray chamber

2.1 Grid Independence Test and Validation Process
Pre-processing is a stage of using boundary condition to generate output. This output will later
use an input by another program. ANSYS Workbench environment has brought connectivity,

geometry clean-up tools automatic meshing, extensive meshing tools to improve performance and
quick simple definition of initial and boundary conditions. In order to stimulate the geometry build,
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set the parameters and the cross-section of the model or drawing. Solver is a software that used to
solve mathematical problems generated within the pre-processor and data results to satisfy the finite
element analysis. It is an unstructured framework finite volume Euler solver in 3D mathematical
statements or equations for a compressible flow. In this study, the ANSYS Fluent software will work
as a solver during the simulation process as it has the ability to analyze the change at any time.
Besides that, it also time-efficient in getting the time to calculate the analysis needed. This is due to
the implementation of the Graphical User Interface (GUI) which helps to shorten the processing time
and improve the time taken in the development of the model. In addition to that, ANSYS Workbench
solver software play roles in assuming important part in simulation by defining the type and analysis
option, specify boundary condition, also identify the upshot of the simulation.

Post processing is a process of reviewing the results of an analysis by generating graphic
applications, animations and reports. This step helps in analyzing the results obtained from the
simulation conducted. It is a vital step as it impact could affect ones to understand on how the
parameters applied could affect the design of a model constructed. By using post-processing, visual
impact after simulation can be seen through the shaded and transparent surfaces, path lines, vector
plots, contour plots, custom field variable definition and scene construction also various stresses such
as stress, stress contour and principal stresses. Post-processing also includes importing data
simulation also its solution from ANSYS Fluent accordingly to suitable post-processing tool such as
ANSYS CFD-post, third party graphics and ANSYS Workbench CFD simulation for more detail analysis
and solution. Besides, ANSYS Fluent can outline structural and thermal loads on surfaces and
temperatures from ANSYS Fluent to third party graphics when it is standalone mode in volume.

Computational Fluid Dynamics (CFD) illustrate the flow of fluid at discrete point in the flow by
using the finite element method. Discrete point which also known as grid or mesh provide significant
effect to the accuracy of the data solution. It is important to model by following its accurate geometry
as any error could give an impact to the solution. The effective grid size means it is small enough to
minimize errors from dissipation due to grid and big enough to save computing source. There are few
steps of meshing the geometry after modelling a model. Start by selecting all surfaces of a spray
injector and chamber. This step is also called face meshing. Check all selected surfaces of the model
to make sure everything done properly in order to obtain perfect meshing. Then, proceed with the
volume meshing by meshing with appropriate type of mesh. Figure 5 and 6 show the meshing of
injector and spray chamber and meshing of injector with nozzle connected to the spray chamber,
respectively.

Q 0.01 0.02 (m) a 0.002 0.004 (r)
0.005 0.015 : 0.001 - 0.00% !
Fig. 5. Meshing of injector and spray Fig. 6. Meshing of injector with nozzle
chamber connected to the spray chamber
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3. Results and Discussion

The results were simulated at different ambient pressures which are 0.6 MPa, 0.8 MPa, 1.0 MPa,
1.2 MPa, 1.4 MPa and 1.6 MPa. Besides, the injection pressures are also set at three different
pressures which are 13 MPa, 16 MPa and 19 MPa. The other parameters were kept constant where
the ambient temperature at 373 K. The fuel was injected through six-hole injector with two different
holes diameter of 0.22 mm and 0.263 mm.

3.1 Effect of Ambient Pressure on Velocity Start Point

The velocity start point of fuel injection in the chamber at different ambient pressure was
tabulated into Table 3. Separately, the values for each of the velocity were plotted into graphs as
shown in Figure 7. By referring to the graph, it can be seen that the velocity start point almost similar
for all ambient pressure with all of the velocity demonstrates a declining trends over the range of
ambient pressure. Therefore, the lowest velocity start point is found at the highest ambient pressure
which is 1.6 MPa at injection pressure of 19 MPa for both orifice diameters. The reason for this
condition is primarily due to the high ambient pressure restrict the material from travelling in much
faster rate. In conjunction, the results also remark the increment of velocity proportional to the
injection pressure. Besides, different diameter of nozzles also contributed much to these changes.
This results also can be proved through the fluid dynamics theory on how an area or diameter
affecting the velocity where the theory stated that if the inside diameter is increase, the flow area
and liquid velocity will be increases, while the head loss due to friction will decreases.

Table 3
Velocity at start point of fuel injection in chamber
Parameter 0.22 mm 0.263 mm
13MPa 16MPa 19MPa 13MPa 16MPa 19MPa
Velocity (ms?) x 103 Velocity (ms?) x 103
0.6 4.67046 5.20047 5.68335 4.52707 5.04241 5.51005
0.8 4.63395 5.16638 5.65241 4.49007 5.01025 5.48008
1.0 4.59586 5.13265 5.62204 4.45383 497734 5.45007
1.2 4.55692 5.09897 5.59038 441629 4.94394 5.41983
1.4 4.51862 5.06475 5.55914 4.37928 4.91027 5.38935
1.6 4.48050 5.02973 5.52714 434122 4.87706 5.35884
4.70 T T T T
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Fig. 7. Effect of ambient pressure on velocity start point at different orifice diameter and injection
pressure. Injection pressure of: (a) 13 MPa (b) 16 MPa (c) 19 MPa

3.2 The Effect of Ambient Pressure at Different Injection Pressure on Spray Penetration

The differences in spray characteristic at different ambient pressure were much clearly be seen
by varying the injection pressure that was injected into the combustion chamber. For that, three
different injection pressures were set at three different ambient pressures. The quantitative results
for the simulation are shown in Figure 8. The spray penetration was measured starting from the
injector nozzle tip until the spray tip as shown in Figure 8. The penetration of the spray is required to
be measured in order to gain the value and plot the data as in Figure 9.

Fig. 8. Spray tip penetration measurement
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Fig. 9. Effect of ambient pressure on spray penetration at different injection pressure. Injection
pressure of: (a) 13 MPa (b) 16 MPa (c) 19 MPa

Figure 9 clearly shows that variations of spray characteristic were produced as the ambient
pressure and the injection pressure increased. The spray penetrations were measured at variant
ambient pressure and injection pressure. From the result, the highest spray penetration is observed
when the ambient pressure is at the lowest value. The penetration is ranging approximately from 4.5
mm to 5.5 mm at all injection pressure. On the contrary, three lowest spray penetrations were
measured at high ambient pressure with the total of 3.178 mm, 3.145 mm and 3.152 mm with respect
to 13 MPa, 16 MPa and 19 MPa injection pressure accordingly.

3.3 The Effect of Ambient Pressure at Difference Orifice Diameter on Spray Penetration

High ambient pressures at different orifice diameters were also studied in order to investigate its
effect on the spray penetration. Figure 10 depict all values of spray penetration at two different
nozzle diameters which are 0.22 mm and 0.263 mm with six different ambient pressures of 0.6 MPa,
0.8 MPa, 1.0 MPa, 1.2 MPa, 1.4 MPa and 1.6 MPa. The figure shows that the increasing of ambient
pressure at two different orifice diameter causing the spray penetration to decrease. High ambient
pressure will cut down the ability of the spray to penetrate much longer and thus, resulting in shorter
penetration of spray injected. The maximum penetration reached at 0.22 mm orifice diameter is
slightly shorter if being compared to the 0.263 mm nozzle diameter. The longest penetration is at
0.263 mm orifice diameter with 0.6 MPa ambient pressure at all injection pressure with the value
approximately above 5.3 mm. It is also found out that with the decrease of the orifice diameter, the
spray penetration decreases. This can be proved by looking at figure attached below where the spray
penetration becoming much shorter when the orifice diameter reduced from 0.263 mm to 0.22 mm
at the same ambient pressure which is equal to 1.6 MPa. Larger orifice diameter allows more fuel to
be injected which makes it hard for the ambient pressure to resist the penetration which then
allowing the spray penetration increase its value.
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Fig. 10. Effect of ambient pressure on spray penetration at different orifice diameters. Orifice diameters
of: (a) 0.22 mm (b) 0.263 mm

3.4 The Effect of Ambient Pressure at Difference Injection Pressure and Orifice Diameter on Spray
Formation

Previous studies show that the ambient pressure affects most on the formation of the spray cone
angle. The spray cone angle is the spray shape injected by the nozzle into the chamber. It was
measured by from one to the other outer edge of the spray. The example of the measurement of the
spray cone angle is shown in Figure 11. The figure shows that the measurement is taken from the top
view of the model. A straight line at the centre of the spray angle is used as the reference line. Lines
at both edge of the spray indicate the maximum cone angle achieved by the spray. For this study, the
results for the spray cone angle were not significant as there are only little changes at every different
ambient pressure used and therefore, it is not discussed in more detail. Separately, the simulation
results between the spray cone angles through various ambient pressure for orifice diameters of 0.22
mm and 0.263 mm can be seen in Table 4 and Table 5 respectively. Both tables show that the spray
cone angle is wider for the bigger orifice diameter for all simulation test. The combination of ambient
pressure and injection pressure also plays a significant role in determining the size of the cone angle.
At high injection pressure and ambient pressure, the size of the spray angle decreased accordingly.

Fig. 11. Spray cone angle measurement
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On the other hand, the spray penetration is also affected as the ambient pressure elevated to a
certain value. When the ambient pressure it set to the maximum value which is at 1.6 MPa, the
observation from figures in Table 4 and Table 5 displays the penetration of spray for all injection
pressure condition are shortest than of the rest of ambient pressure condition. This effect is occurred
due to higher ambient air density as a result of higher ambient pressure that leads to the increasing
of frictional resistance of spray molecules and droplets, and therefore resulting in restriction of
droplets collision and decreasing of axial penetration. In spite of that, higher injection pressure will
saturate the ambient pressure effect thus causing the spray to penetrate longer. This effect can be
observed at figures for both spray formation through injector hole with orifice diameter of 0.22 mm
and 0.263 mm. At ambient pressure of 1.6 MPa, the spray spread the shortest penetration among all
ambient pressure and all injection pressure tested condition. Apart from that, it can be seen that the
longest or deepest spray penetration demonstrated at the lowest ambient pressure simulation test.
As for the ambient pressure at different orifice diameter, it has been found that the spray penetration
degrades the at 0.22 mm orifice diameter at all elevated ambient pressure compared to when it
applied the 0.263 mm orifice diameter. This is because of the smaller area that resulting in high
resistance which at the end prevent the spray to extend more. Therefore, it can be concluded that
the penetration of the gasoline fuel spray is shortened through the smaller orifice diameter of the
injector and at higher ambient pressure.

Table 4

Spray formation at variant conditions with 0.22 mm orifice diameter
Spray cone formation under the ambient pressure of:
1.2 MPa 1.4 MPa 1.6 MPa

Orifice diameter Injection pressure

13 MPa

0.22 mm

16 MPa

19 MPa
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Table 5

Spray formation at variant conditions with 0.263 mm orifice diameter
Spray cone formation under the ambient pressure of:

1.2 MPa 1.4 MPa 1.6 MPa

Orifice diameter Injection pressure

13 MPa

0.263 mm 16 MPa

19 MPa

"\. ‘H f’.

0.984

4. Conclusions

From this study, it has been exposed that the simulation flow of the fuel is injected through the
nozzle spray prior to the combustion process that occurs inside the combustion chamber. The
simulation work was stimulated by two different orifice diameters of 0.22 mm and 0.263 mm. The
injection pressures set for the nozzle were at three different values, 13 MPa, 16 MPa and 19 MPa. In
addition, six different ambient pressures used inside the chamber, which are also the main
parameters for this study: 0.6 MPa, 0.8 MPa, 1.0 MPa, 1.2 MPa, 1.4 MPa and 1.6 MPa.

This study confirmed that the ambient pressure had an impact on the size of the fuel droplet
diameter. As it increases, the spray tends to evaporate and disperse easily, resulting in a wider spray
angle formation. From this study, it was found that the 0263mm orifice diameter has a slightly wider
spray cone angle compared to 0.22mm orifice diameter. Thus, we can conclude that the increasing
of ambient pressure causes the spray cone angle increases. As for the spray penetration, it shows
decreasing in length as the ambient pressure increases. This is caused by the high ambient pressure
inside the combustion chamber prevent the spray to penetrate longer. The longer spray penetration
observed when the ambient pressure was set at lower pressure. It seems that ambient pressure
affected both spray cone angle and the spray penetration.
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I.  High ambient pressure at larger orifice diameter cause increasing in spray cone angle.
1. High ambient pressure at lower injection pressure cause increasing in spray penetration.
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