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Abstract
This paper reports the results of the investigations carried out to improve the
combustion characteristics of a DI diesel engine used in farm transportation
vehicles. Since fuel injection pressure plays a major role in the combustion,
four different fuel injection pressures 200, 400, 600 and 800 bar are
investigated. In order to understand minute sub physical processes
3-dimensional computational fluid dynamic modelling has also been
conducted. The theoretical and experimental results reveal that the higher
pressure results in higher brake thermal efficiency, higher emission of NOX
and lower emission of soot. The peak heat release rate is increased from a
value of 150 kJ/m3-deg to 250 kJ/m3-deg between 200 bar and 400 bar which
is an increase of 66%. Similarly the increase in peak heat values are
250 kJ/m3-deg to 320 kJ/m3-deg between 400 and 600 bar which is an
increase of 28% and finally an increase of 23% (325 kJ/m3-deg to 425 kJ/m3deg).Fuel injection pressure beyond 800 bar does not increase the brake
thermal efficiency much. While the simulation predicts pressure heat release
pattern reasonably well it over predicts the NOX emission at higher injection
pressure, which necessitates further investigation. It can be concluded that
switching to higher injection pressure will improve the economy of
transportation vehicles.
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1. INTRODUCTION
With the rapid developments in globalization the demand for transportation vehicles
has increased many folds. Diesel engines are widely used in the field of transportation
and engineering machinery because of their excellent thermal efficiency and practical
economic viability [2,5,17]. Also the recent accord on harmful environmental
emission from transportation vehicles used for transportation and agricultural
purposes has put a limit on the emission from these vehicles. Also the expected
increase in the crude oil prices has necessitated the improvements on the fuel
economy of these vehicles. Diesel engines have been known to emit higher emission
of soot and NOX. These two emissions are trade off characteristics in which the
control of the one give rise to the other. The research to improvements the combustion
and emission characteristics of these engines has been a continuous one. But with the
latest improvements in engine electronics and computational improvements the focus
has again been shifted to the usage of Computational Fluid Dynamic (CFD) tools to
accurately study many of the sub-physical processes of combustion. Thurnheer et.al
[18] reported that an increase in injection pressure decreases the CO and HC
emissions. Higher injection pressure in general increases the peak in-cylinder pressure
and peak heat release rate due to higher amount of premixed combustion [8].
Advanced injection timing increased the soot emissions up to certain crank angle then
reversed, whereas in case of retarded injection timing soot emissions showed the
reverse trend [9]. The exhaust emission characteristics of the multiple-injection mode
showed that the short injection interval decreases soot, HC, and CO emission, where
as NOX emission increases [16]. Increasing injection pressure results in increased
thermal efficiency and better fuel consumption and less emission of CO, HC and
smoke emission, whereas with higher NOx [12]. Some literatures observed that a
multiple injections can significantly reduce the NOX formation by 45% compared to
the continuous fuel injection combustion [7, 3]. CO and HC emissions can be reduced
through the application of multiple injections and optimal spray targeting. An increase
of NOx emissions in biodiesel fuel could be reduced through the injection strategies
such as early or late injection timings [10, 13]. The increase of NOx using biodiesel is
the result of the combination of various mechanisms whose effects may tend to
strengthen or cancel one another under different conditions, depending on specific
combustion and fuel characteristics as reported by [19]. The reduction of exhaust
emissions from diesel engines were observed using multiple-injection strategies
including various parameters such as injection timing, the intervals between
injections, and the injection quantity ratio [4,11,15].With the enhanced insight into the
combustion, it is now possible to suggest mechanisms and methods to improve fuel
economy and reduce emission from these engines.
2. DETAILS OF INVESTIGATION
The investigation comprises two parts, experimental and numerical analysis.
The engine used for the present investigation is a single cylinder DI diesel engine.
The details of the engine and experimental flow diagram are given in Table -1 and
Fig. 1
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Table -1 Engine Specification
TYPE

FOUR STROKE WATER
COOLED OHV, CRDI ASSISTED
DIESEL ENGINE

Make

Kirloskar AV-1

No. of Cylinders

1

Bore X stroke

80 x 110 mm

Displacement Volume

553 cc (0.553 liters)

Compression Ratio

12:1 to 21:1

Combustion Chamber

Hemisphere open type

Injection

Multiple injection at compression
stroke

Injector

Inward swirl 6 hole injector

Nominal power / speed

3.7 kW / 1500 rpm

Connecting rod Length

231 mm

Valve Timing

IVO: 5.4ᵒ before TDC, IVC: 34.8ᵒ
after BDC, EVO

Fig.1 Experimental Setup
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Baseline engine reading with standard injection pressure is conducted and
a simulation is also conducted at the standard speed for the full load condition. The
fuel input for this obtained from the base line reading. The results of the simulations
are conducted with the base line engine experimental readings. The pressure and
emission characteristics are validated. Based on the confidence obtained through
validation further modelling with different fuel injection pressures 400, 600 and 800
bar are conducted. Finally experiment at the standard speed with a fuel injection
pressure of 800 bar is conducted.
3. NUMERICAL PROCEDURE
A single cylinder DI diesel engine with a hemispherical combustion chamber with a
single intake and exhaust valves is used in the computational analysis.
3.1 CFD Code and Mesh Generation
The geometrical feature of the engine is obtained through the cut sectional model of
the same engine. For creating the model an open source geometrical modeller
SALOME is used. The completed model is then surface meshed in the pre-processor
PROSURF. The complete surface model with valves, ports and engine combustion
chamber is exported to ES-ICE an expert system for engine to generate events of the
piston and valve movements. The complete model has a cell density of 0.3 million
cells/liter capacity of the engine. The completed model is applied with proper initial
and boundary conditions and solved in the code STAR-CD. The discretized
computational domain is shown in Fig-2.

Fig.2 Discretized Computational Domain.
The fuel input conditions are provided in Table 2. The valve opening profile is
obtained from the cam profile of the engine and valve events are generated as per this
profile. Calculations begin at 30ᵒ before TDC. Since the valve timings ought to be
specified with respect to compression TDC, the compression TDC of the previous
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cycle is specified as 0ᵒ crank angle and hence the subsequent intake stroke of a new
simulation cycle begins with a crank angle of 360ᵒ CA. Then the compression TDC of
the new simulation cycle is at 720ᵒ CA and the cycle ends at 1080ᵒ CA.
Pressure boundary condition is imposed on the port openings. Fixed temperature
boundaries are specified at the walls of the cylinder and the piston surface. The time
step used for the calculation is 0.2 deg crank angle, with much finer time step of 0.01ᵒ
during the spray injection phase.
3.2 Turbulence Modelling
The variant of the eddy viscosity models has been used in the present investigation.
The models are based on the analogy between molecular gradient-diffusion process
and turbulent motion. The Reynolds stresses and turbulent scalar fluxes in these
models are directly linked to the local gradients of the mean flow field through a
turbulent viscosity and diffusivity, with the turbulent viscosity determined by a
characteristic turbulence velocity scale and length scale. The turbulence model
adopted in this analysis is RNG k-e model based on the formulation adopted from
Yakhot et al. The distinctive feature of RNG k-e equation is the additional dissipation
term used in the equation
Table-2 Fuel Input Conditions
Fuel Pump

Bosch CRDI Fuel pump

Fuel injection Pressure

200 bar to 1200 bar

Number of Holes in the injector

6 holes

Hole diameter

0.12 mm

Fuel Used

Diesel (Surrogate: n-Dodecane)

Fuel injection Quantity

16 mg/cycle

Fuel injection duration

30 CA at the rated pressure of 200 bar
at 1500 rpm

Cone angle

Variable

Start of fuel injection

23ᵒ bTDC

3.3 The Spray Model
The injection process being modelled includes the flow in the nozzle hole (the exit
velocity) and atomisation. This give rise to a fuel droplet spray represents a set of
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computational parcels, each containing a number of droplets with the same properties
like velocity, size, temperature, density etc. These properties are calculated on the
basis of atomization models. The model used for estimating the injection velocity is
based on the empirical approach of Obremeier. Nozzle cavitation due to nozzle hole
entrance is accounted in this model. Due to this there is a reduction of the exit
crossectional area below its geometrical value. This in turn causes the injection
velocity to be higher than the apparent value based on the reduced area. The reduction
is characterized by the area concentration ratio 𝑟𝑐
𝑟𝑐 = 𝐴𝑐 ⁄𝐴0, where 𝐴 𝑐 is the jet cross-sectional area and 𝐴0 is the geometrical sectional
area,𝐴0 = 𝜋 𝐷2 ⁄4, where D is the nozzle hole diameter. The volumetric flow rate
through the injector, 𝑄˙ is given by the following expression:
𝑄˙ =
𝑐𝑑 𝐴0 √(2⁄𝜌𝑑 )𝛥𝑝 where 𝑐𝑑 is the discharge coefficient, 𝜌𝑑 the liquid fuel density
and 𝛥𝑝 the injector pressure drop. As per Gosman et al under certain assumptions the
actual injection velocity 𝑢𝑐ℎ is linked to 𝑄˙ by the expression, 𝑢𝑐ℎ = 𝑄˙ ⁄(𝐴0 𝑟𝑐ℎ ). Here
𝑟𝑐ℎ is the ratio of the actual jet cross-sectional area at the nozzle hole exit and the
2𝑐 2 𝑟 2

geometrical sectional area 𝐴0 is determined from 𝑟𝑐ℎ = 𝑟 2 +2𝑟𝑑𝑐𝑐2 −𝑐 2. Droplet breakup is
𝑐

𝑐 𝑑

𝑑

modelled by Reitz-Diwakar model, where which has two breakup regimes, bag
breakup and stripping breakup. Non uniform pressure field around the droplet causes
liquid droplets to expand in the low pressure wake region and eventually disintegrate
when surface tension forces are overcome in the bag breakup. In stripping breakup the
liquid is sheared from the droplet surface. The breakup rate is calculated from ReitzDiwakar Model.

3.4 The Combustion Model
A general purpose combustion model ECFM-3Z [Colin et al] is used in the present
investigation. This model is capable of simulating the complex mechanisms of
turbulent mixing, flame propagation, diffusion combustion and pollutant emission that
characterize diesel spray combustion. This model consists of four major components:
I) Mixing model ii) Flame propagation model iii) Post-flame emissions model and
iv) Spark ignition and auto -ignition /knock models. The auto-ignition pre-reactions
are calculated within the premixed charge of fuel and air, with the ignition delay
governed by the local temperature, pressure, fuel/air equivalence ratio and the amount
of residual gas. Local auto-ignition is followed by premixed combustion in the
fuel/air/residual gas mixture formed during the time period between start of injection
and auto-ignition onset within the ECFM-3Z modeled according to a flame
propagation process. Flame propagation phase is modelled by flame surface density
transport equation.
3.5 Pollutant Formation
Diesel engines operate mostly under oxygen rich environment. Hence the emission of
unburned hydro carbons and carbon monoxide is not of great concern. But the
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emission of oxides of Nitrogen and soot are of major concern. Nitrogen oxide
emission is mainly influenced by thermal NOX formation and prompt NOX formation
mechanism. The Mass soot model is used for the investigation which is based on the
laminar flamelet concept in which all scalar quantities are related to the mixture
fraction and scalar dissipation rate. The rate of soot formation is correlated with local
conditions in diffusion flames or in partially premixed counterflow twin flames.
The sectional method, which solves a transport equation for the soot mass fraction in
a large number of sections. Each computational cell is divides into a fixed number of
sections based on the soot particle diameter. Solving for the soot mass fraction in each
section provides the local soot mass fraction distribution and therefore also the
particle distribution, number density, mass density and mean diameter. The soot
sources are computed from precompiled soot libraries. The one equation flamelet
library method is used.
4. RESULTS AND DISCUSSION
The diesel engine used for the present investigation is a single cylinder diesel engine.
Base line engine readings with the fuel injection pressure of 200 bar were measured
first. Modelling is done for the baseline engine readings for validation. The temporal
evolution of heat release and pressure are validated with the experimental values, as
shown in Fig.3
4.1 Validation of the CFD Results
The CFD results are to be validated with the experimental results for the confidence.
Pressure and heat release rate are compared with the experimental results.

(b) Heat Release Rate
(a) Pressure

Fig. 3 Comparison of Temporal Variation of Pressure and Heat Release Rate for
Validation
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From the plots it can be seen that there is a good agreement of pressure variation at
200 bar injection pressure. At higher injection pressure of 800 bar the simulated
values of both pressure and heat release show a higher value. Also the peak heat
release occurs roughly 4 to 5 CA ahead of the experimental value. The heat release
rate between the simulation and experiment value also show variation, between the
peak values at the injection pressure of 800 bar. But the timing of peak value is
reduced. This difference may be due to the difference in the evaporation rates between
the actual diesel fuel and the surrogate fuel which results in the higher diffusion phase
for the experimentation. Also the turbulent diffusion is lower with the RNG model
used, which results in higher diffusion phase. But overall this model is satisfactory it
can be confidently further used for analyses with higher pressures of 400, 600 and 800
bar respectively.
4.2 Combustion and Emission Characteristics through CFD
Figure 4 compares the temporal variation of pressure and heat release rate for four
different injection pressures. From Fig.4 (a) it can be observed that as the injection
pressure is increased the peak pressure developed for the same quantity of fuel
injected increases. Also the point of peak pressure is advanced. For the injection
pressure the peak point is at 370ᵒ CA, for 400 bar it is 365ᵒ CA and for the injection
pressure of 800 bar the peak pressure is at TDC. Also the peak pressure is increased
from 70 bar to 89 bar at the injection pressure of 800 bar. Regarding the rate of heat
release it can be observed from Fig. 4(b) that the heat release rate is increased from a
peak value of 150 kJ/m3-deg at the injection pressure of 200 bar to 430 kJ/m3-deg at
an injection pressure of 800 bar an increase of 300%. An interesting observation is
that the peak heat release value is advanced as the fuel injection pressure is increased,
with the peak value of 150 kJ/m3-deg occuring at 354ᵒ to 430 kJ/m3-deg occurring at
352ᵒ.

(a) Temporal Evolution of Pressure

(b) Heat Release Rate

Fig. 4 Comparison of Temporal Variation of Pressure and Heat Release Rate
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Fig. 5 compares the emissions of NOX and soot for the different fuel injection
pressures. It can be observed that the rate of NOX generation increases with the
increase in fuel injection pressure. At 200 bar fuel injection it stands at 13 g/kW-hr
whereas at an injection pressure of 800 bar it stands out at 25 g/kW-hr, nearly a two
fold increase. As it is an indicator of better combustion the soot emission will be
expected to be lower. Observing Fig 5(b) it can be seen that the soot generation is at a
peak value of 0.82 g/kW-hr at an injection pressure of 400 bar at 360 CA followed by
200 bar injection pressure which stands at 0.75 g/kW-hr around 361 CA. With the
progression of combustion the soot particles generated are consumed and by the crank
angle of 390 aTDC almost all the soot are consumed. Again the soot generation shows
an increasing trend indicating diffusion combustion and some quantities of droplets
cracking under diffusion combustion. Since the higher injection pressure produce
finer droplets the possibility of droplet cracking under diffusion combustion is
reduced drastically whereas the 200 bar fuel injection case has higher soot.
This indicates higher droplet content even by the crank angle of 420ᵒ CA. As the NOX
generation is influenced by temperature inside the cylinder.

(a) NOX Emission

(b) Soot Emission

Fig.5 Temporal Evolution of NOX and Soot Emissions for Different Fuel Injection
Pressures
Fig.6 compares the temporal evolution of temperature for the different cases. It can be
seen that the peak temperature is increased from a value of 1900ᵒ K at an injection
pressure of 200 bar to 2160 K at an injection pressure of 800 bar. This is the reason
for the higher emission of NOX for the higher injection pressures. The evolution of
fuel vapour inside the combustion chamber is an important factor which decides the
rate of heat release and hence pressure rise in the engine cylinder.
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Fig. 6 Comparison of Temperature Histories for Different Injection Pressure
Fig. 7 compares the evolution of fuel vapour and its consumption in the combustion
process with respect to crank angle.

Fig. 7 Comparison of Normalized Injected Fuel Mass and Fuel Vapour Present
During the Combustion Phase
Same quantity (18 mg) of fuel is injected for all the cases. The start of fuel injection is
the same for all the cases, which is at 23ᵒ bTDC (337ᵒ aTDC) but the end of injection
is advanced with respect to increase in pressure. The continuous lines indicate the
amount of injected fuel in the cylinder and the dotted lines indicate the quantity of
fuel vapour remaining inside the cylinder. As the combustion proceeds the evaporated
fuel mass is reduced and by the crank angle of 370ᵒ all of the vapours have been
consumed. It can be observed that the 200 bar injection pressure has the longest
duration of combustion while the 800 bar injection pressure has the shortest duration.
A plot of the percentage of fuel burnt is shown in Fig. 8 along with the start of
combustion, ignition delay and combustion duration. The start of fuel injection is
fixed at the same value for all the modes. Fig 8(a) compares the pressure curves of
different cases with the motoring case. The first positive deviation from the motoring
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curve is the point of start of combustion. The time duration between this and the start
of fuel injection is called ignition delay. The time starting from the first appreciable
positive duration to 95% fuel mass burnt is the combustion duration. Fig. 8(c) and
8(d) show the ignition delay and combustion duration. Ignition delay period is
reduced as the injection pressure is increased. The reduction of ignition delay period
is appreciable between the injection pressures of 400 and 600 bar. But the reduction is
only marginal between 600 and 800 bar injection pressure. Hence the injection
pressure is stopped with this value. Regarding the duration of main phase of
combustion it can be observed from Fig. 8(d) that the 800 bar injection pressure has
the shortest combustion duration of 6ᵒ CA compared to durations of 10ᵒ CA, 14ᵒ CA
and 16ᵒ CA for 600 bar, 400 bar and 200 bar injection cases respectively. Hence
higher injection pressure results in rapid combustion and hence the pressure also
increases for the same quantity of fuel injected as already been seen in Fig. 4(a). Fig.9
compares the temperature contours at TDC for the different fuel injection pressure
cases. The plane chosen is a mid-sectional plane passing through the center of the
cylinder. It should be noted that though the injection starts at the same time of
23 bTDC for all the cases the end of injection is different due to the flow rate
associated with higher injection pressure. Hence the injection still goes on for the
pressure of 200 bar whereas the fuel injection has been over for the cases of 400 bar,
600 bar and 800 bar cases. In spite of that some droplets can be observed at TDC for
the 400 bar case, indicating higher possibility of soot formation at 200 bar and 400 bar
cases.

(a) Start of Combustion

(b) End of Combustion

(c) Ignition Delay

(d) Combustion Duration

Fig.8 Comparison of start of combustion, end of combustion, ignition delay and
combustion duration.
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(a) 200 bar

(b) 400 bar

Colour Scale
(c) 600 bar

(d) 800 bar

Fig.9. Comparison of Temperature at the Vertical Sectional Plane Passing through the
Valves at Combustion Top Dead Center (360ᵒ CA)
4.3 Performance and Emission characteristics with Injection Pressure of 200 and
800 bar
From the previous discussions it has become clear that the higher injection pressure
results in better combustion and higher emission. In this section the results of the
experimental investigation on the same engine with 200 bar and 800 bar have been
analyzed and some of the results are compared with the simulations. Fig. 10 shows
the comparison of brake thermal efficiency and crank angle resolved pressure history
of the engine. It is clear that higher injection pressure increases the efficiency. This is
due to the rapid buildup of pressure due to better combustion which has lower
consumption of fuel. Fig. 11 compares the HC, CO, smoke and NOX emissions for the
200 bar and 800 bar experimental values. This clearly shows that the higher injection
pressure have lower HC, CO and smoke emissions, whereas the NOX emission shows
a higher value. These trends are in conformity with the simulated emission
characteristics shown in Fig. 5, where a lower soot emission and higher NOX emission
with increasing pressure of fuel injection. Fig.12 compares the NOX emission values
of simulation and experimentation. It can be seen that the prediction of NOX is in
reasonable agreement with the experimental values. But at the higher injection
pressure of 800 bar there is an appreciable difference. This is due to the higher
temperature sensitivity of the coefficients used in the flamelet model.
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(a) Brake Thermal Efficiency

(b) Pressure

Fig.10 Comparison of brake thermal efficiency at various loads and crank angle
resolved pressure.

(a) HC Emission

(c) Smoke Density

(b) CO Emission

(d) NOx Emission

Fig. 11 Comparison of emission at various loads for Different Fuel Injection
Pressures at a speed of 1500 rpm.
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Fig.12 Comparison of Simulated and Experimental NO emission at a speed of
1500 rpm at Full Load Condition.
5. CONCLUSION
Numerical and experimental investigations are carried out on a DI diesel engine with
different fuel injection pressures. Numerical simulations are validated with base line
engine reading at full for the standard fuel injection pressure of 200 bar. Based on the
confidence through validation further simulations were carried out at higher injection
pressures like 400, 600 and 800 bar. Then experiment with the highest injection
pressure of 800 bar was conducted. Some of the important conclusions are:


For the same quantity of fuel injected the higher injection pressure produce
higher peak pressure inside the engine cylinder. The difference being 10 bar,
4 bar and 2 bar respectively between 200-400 bar, 400-600 bar and 600-800
bar pressure rises. Hence a still higher fuel injection pressure is not justified in
view of this fact.



The peak heat release rate is increased from a value of 150 kJ/m3-deg to
250 kJ/m3-deg between 200 bar and 400 bar which is an increase of 66%.
Similarly the increase in peak heat values are 250 kJ/m3-deg to 320 kJ/m3-deg
between 400 and 600 bar which is an increase of 28% and finally an increase
of 23% ( 325 kJ/m3-deg to 425 kJ/m3-deg).



The simulated heat release rate patterns are in conformity with the
experimental values for the pressures of 200 and 800 bar. But the point of the
peak heat value for the experimental value is delayed in crank angle time with
simulation results.



The HC, CO, smoke and soot emissions are higher at lower injection pressure
and they show a reduced value at higher injection pressure. The smoke
emission from experimental value shows a similar trend as predicted by the
simulations.



The NOX emission increases with increasing injection pressure.
The experimental results show that the emission of NOX increases from
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900 ppm to 1200 ppm whereas the simulation predicts 1000 ppm to 1600 ppm.
The over prediction of NOX emission necessitates further investigation and
tuning of temperature coefficients in the flamelet models.
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