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ABSTRACT
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The injection timing of pilot fuel in diesel engine working on dual fuel mode with gaseous fuel is a key
environmental parameter at the start of ignition which affects performance and emissions of the engine. Here, the experiments
were conducted on single cylinder 4-stroke, direct ignition diesel engine with a power of 3.50 kW at a constant speed of
1500 RPM. Kirloskar model TV1 with diesel as pilot fuel and hydrogen as gaseous fuel was employed. Experiments were
conducted with the aim to determine the effect of advancing (21°bTDC) and retarding (17 °bTDC) diesel fuel injection
timing on the engine performance and emissions across tested loads with the standard injection timing of 19 °bTDC. The
brake thermal efficiency (BTE) and exhaust emissions like NOx, carbon monoxide (CO), carbon dioxide (CO2) and
hydrocarbon (HC) were analyzed with hydrogen (H2) as gaseous fuel. The results showed that dual mode (diesel and Hz gas)
retards injection timing (17 °bTDC) and gives a net increase in BTE efficiency at all load conditions with lower (20%)
hydrogen substitution. At higher Hz substitution (40%), BTE is better for dual standard (19 °bTDC injection timing at all
load conditions. Further NOx (ppm), HC (ppm), CO (%) and COz2 (%) emissions are reduced with dual retard (17 °bTDC)
injection timing, supporting cleaner combustion and potentially nano-enabled future emission-control strategies.

Keywords: Hydrogen fuel; Injection timing; Dual fuel diesel engine; Nano-enabled control; Brake thermal efficiency.

1. INTRODUCTION

Usage of conventional fuels has increased in the
past decades. In spite of its depletion, the world still faces
the challenges of global warming. Approximately
1,71,000 kg of coal, 116, 000, 000 L of gas and 186, 000
L of petroleum oil is being consumed per second
(Montgomery, 2017; Watts et al. 2019). Unsustainable
use of energy sources warns of potential lack of energy
in the near future. Internal combustion (IC) engine with
power less than 185 kW consumes around one third of
the petroleum fuel extracted as well as emits harmful
gases, one of the major causes of environmental
pollution. Environmental considerations on depletion of
fossil fuel have led to ongoing investigations on
sustainable fuels and nano-enabled alternatives,
including ethanol, H, and biodiesel. Among these,
hydrogen has the capacity to propel the transportation
sector and helps in reducing the greenhouse gas (GHG)
emissions.

Renewable nature of hydrogen and its high
energy content per unit mass make it the best alternative
for petroleum fuels. Its combustion gives out no harmful
emissions as well as it reduces the reliance on
conventional fuels. Recently, interest on using hydrogen
as a substitute fuel in compression ignition (Cl) engines
is rising. Research on the use of hydrogen fuel in the

diesel engine working on dual fuel mode targets to lower
the exhaust emissions by changing the operating
parameters such as, valve timing, atomization rate and
nano-enabled strategies (Asfar and Hamed, 1998).

Several parameters affect the performance of
diesel engine according to research carried out in several
countries (Staat and Gateau 1995; Desantes et al. 1999;
Ganapathy et al. 2009). Engine performance based on
the effect of injection timing and operating parameters
has been extensively examined by researchers. At times,
adverse outcomes are observed when the engine is
operated on gaseous fuels because of its physio chemical
properties. Table 1 shows the various physico- chemical
properties of diesel and gaseous fuel hydrogen (H»)
(Hamasaki et al. 2001; Ramadhas et al. 2005).

Using natural gas as the primary fuel, Nwafor
(2007) had examined the injection timing of pilot fuel on
the efficiency and emission characteristics of diesel
engine. Knocking tendency of the engine limited the
maximum quantity of pilot fuel. By increasing the mass
flow rates of pilot fuel, knocking tendency was decreased
and advanced injection timing compensated for the
longer ignition delay and slow burning rate of gaseous
fuelled engine.
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The need of advanced injection timing came in
place of standard dual timing as it not only reduces the
delay period, it also decreases carbon monoxide (CO)
and carbon dioxide (CO>) emissions. Brake specific fuel
consumption also increases with advanced injection
timing. Low speed and low loading conditions favour
advanced timing, whereas at high load conditions, the
temperature becomes a crucial factor. As the temperature
and pressure change considerably close to top dead centre
(TDCQ), fuel injection pressure and fuel injection timing
play a critical role in ignition delay and combustion
characteristics of the engine (Taylor, 1985; John, 1998).

Fig. 1(a): Real setup of the experiment
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Fig. 1(b): Graphic representation of the experimental setup

Retarding injection timing of pilot fuel resulted
in lower efficiency and higher emissions. Nevertheless,
advancing the fuel injection timing was a possible way to
tackle the problem of lower thermal efficiency and higher
carbon-based emissions. In (2019), Pal et al. investigated
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the effect of injection timing of pilot fuel using plastic
fuel blending with diesel on the performance and
emissions of diesel engine. The engine operation was not
smooth with 30% substitution of diesel fuel with plastic
fuel. Abd et al. (2002) have reported lower thermal
efficiency and higher unburned percentage of fuel
working with dual fuel engine. However, induction of
gases at low load conditions improved the thermal
efficiency of the engine, whereas emissions were also
reduced with advanced injection timing of pilot fuel.

In the present work, effect of static injection
timing on the performance and emission of diesel engine
working on dual fuel mode with hydrogen was carried
out extensively. Load, static timing, percentage of
hydrogen fuel were some of the input variables. Brake
thermal efficiency (BTE), carbon dioxide, hydrocarbon,
oxides of nitrogen (NO,), carbon monoxide were the
output parameters examined. Comparison between diesel
and dual fuel operation on the basis of above variations
was conducted.

Table 1. Details about Engine

S. No. Details of engine specification
Compression ignition
1 Details of engine TV1 Single cylinder, 4-
stroke, Model Kirloskar
2 Cylinder 1
3 Length of stroke (mm) 110
4 Bore of cylinder (mm) 87.50
5 Swept volume (cm?®) 661.45
6 Engine speed (RPM) 1500
7 Compression ratio (CR) 18
8 Injection pressure (bar) 22411
Injection timing before
9 top dead centre (bTDC) 19
(degree)
10 Power of engine (kW) 3.50

2. EXPERIMENTAL SETUP AND TESTING

Compression ignition engine of power 3.5 kW
operating at a constant speed of 1500 revolution per
minute (RPM), single cylinder, 4-stroke was used for the
experimental study. A real and systematic view of the
setup is represented by Fig. 1(a) and Fig. 1(b),
respectively. Parameters and specification of the diesel
engine for a better understanding of the experimental
study is provided in Table 1. Gaseous fuel (H2) was
supplied to the engine through intake manifold and the
diesel fuel supplied by the conventional way. The engine
was attached to a cylinder, which stored the H, gas at 125
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bar and a pressure regulator connected to it regulated the
supplied pressure at 2.5 bar.

3. RESULTS AND DISCUSSION

4.1 Brake Thermal Efficiency (BTE)

Fig. 2(a) and 2(b), depict BTE (%) of diesel
engine for pure diesel fuel (19 °bTDC), dual (diesel and
hydrogen fuel) standard (19 °bTDC), dual advanced (21
°bTDC) and dual retard (17 °bTDC) injection timings with
various load (2%, 18%, 36%, 53% and 69%) conditions
by using diesel as pilot fuel and hydrogen (20% and 40%)
as gaseous fuel. The retard injection timing (17°) showed
(Fig.2(a)) increase in BTE as compared to pure diesel
fuel (19°), dual standard (19°) and advanced (21°)
standard at all load conditions. The dual retard injection
timing (17%) gave a net increase in BTE at all load
conditions. The rise in cylinder temperature with dual
retard (17°) in injection timing may be the reason of
increase in the emissions at all load conditions.
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Fig. 2(a): Variation of BTE (%) and load (%) with different
injection timings by using 20% H: substitution

However, as the gaseous fuel (Hy) substitution
increases up to 40% Fig.2(b), the BTE is better for dual
standard (19 °bTDC) injection timing at all load
conditions as compared with dual advanced (21 °bTDC),
pure diesel fuel (19 °bTDC) and dual retard (17 °bTDC)
standard. At higher load conditions, hydrogen, which has
a higher burning velocity and diffusivity, consumes most
of the available oxygen. As a result, the diesel fuel burns
poorly, leading to a decrease in efficiency when 40% of
the fuel is substituted with hydrogen gas (Dhole et al.
2014).

4.2. Formation of NOy
Figs. 3(@) and 3(b) show the plot of NOy

formation for pure diesel fuel (19 °bTDC), dual standard
(19 °bTDC), dual advanced (21 °bTDC) and dual retard

402

(17 °bTDC) injection timing. At lower substitution of
hydrogen fuel (20%), dual retard injection (17°) timing
(639 ppm) is evidence for the lower NOy formation up to
medium load (36%) conditions (Fig.3 (a)) as compared
with pure diesel fuel (19 °bTDC) operation (996 ppm),
dual standard (19 °bTDC) injection (1041 ppm) and dual
advanced (21 °bTDC) timing (942 ppm). However, at
higher load conditions (69%), lower NOyx (1204 ppm)
formation was recorded, with pure diesel fuel operation
(19 °bTDC) as compared with 2462 ppm, 1945 ppm and
2771 ppm for dual advanced (21°bTDC), dual retard (17
°bTDC) and dual standard (19 °bTDC) injection timings,
respectively.
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—v— Dual Retard (17° bTDC)
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Fig. 2(b): BTE (%) versus load (%) with variation in injection
timing by using 40% H: substitution

However, the formation of NOx at higher (40%)
substitution of hydrogen fuel was lower for dual
advanced (21 °bTDC) injection timing (Fig.3(b)), up-to
medium load (36%) conditions. The NOy formation at
medium load condition for dual advanced standard (21
°bTDC) was 568 (ppm) as compared to 874 (ppm), 613
(ppm), 996 (ppm) with dual retard (17 °bTDC), dual
standard (19 °bTDC) and pure diesel fuel (19 °bTDC),
respectively. Further at higher load conditions, the
formation of NOy is lower (1204 ppm) for pure diesel fuel
(19 °bTDC) as compared to 2379 (ppm), 2931 (ppm) and
1370 (ppm) for dual advanced (21 °bTDC), dual standard
(19 °bTDC) and dual retard (17 °bTDC) injection timings,
respectively.

The oxides of nitrogen, NO and NO; when
combined is known as NO. Reaction between
atmospheric nitrogen and oxygen results in the formation
of NOy inside the engine cylinder. High combustion
temperatures and near-stoichiometric regions favour the
formation of NO, during fuel spray, which is controlled
by local conditions (Liew et al. 2010; Koten, 2018).

Induction of hydrogen fuel in diesel engine
reduces NOy formation as claimed by Karag6z et al.
(2016). There is a direct relation between temperature
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and load: as the load on the engine increases, the
temperature of the cylinder also rises, leading to an
increase in NOx formation (Momirlan and Veziroglu
2005; Bashir et al. 2015; Talibi et al. 2017). At lower
load conditions, hydrogen enrichment consistently
reduces NOy emissions. However, under high load
conditions, NOy emissions initially decrease with the
addition of H. upto 0.60 litre per minute in the inlet air.
Beyond this level, NOy emissions increase with further
hydrogen enrichment. This increase is due to better
combustion of the fuel inside the cylinder, which raises
the temperature and, consequently, the NOy emissions.

3000
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Fig. 3(a): NOx (ppm) versus load (%) with variation in
injection timings for 20% H: substitution
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Fig. 3(b): NOx variation with load (%) for different injection
timings at 40% H: substitution

NOx emissions increase as the load increases
from 53% to 69%. Large volume of H; burns quickly
raising the temperature of the cylinder. As more fuel
burns with higher engine load, NOy emissions increase.
The peak combustion temperature is high and gases at
elevated temperature spend more time in the cylinder,

leading to increased NOx emissions (Saravanan et al.
2008; Deb et al. 2015).

4.3 Formation of Carbon Monoxide (CO)

Carbon monoxide (CO) in exhaust relates to the
fuel-air ratio as well as fuel combustion efficiency inside
the cylinder. Figs. 4(a) and 4(b), compared carbon
monoxide (%) formation for diesel fuel with the dual
standard (19 °bTDC), dual advanced (21 °bTDC) and dual
retard (17 °bTDC) injection timings with pure diesel fuel
(19°bTDC) operation at various load conditions. The dual
retard injection timing (0.041%) showed a significant
reduction in CO emission up to 53% load conditions with
lower H. (20%) substitution, as compared to dual
standard (0.075%), dual advanced (0.067%) and pure
diesel fuel (0.045%) operation. However, at higher load
(69%) conditions, there was marked difference in CO
concentration for pure diesel fuel (0.035%) injection
timing as compared with retard injection (0.045%)
timing, dual advanced (0.102%) and dual standard
(0.081%) for dual fuel operation. The rise in cylinder
temperature with retard (17°) and pure diesel fuel (19
°bTDC) in injection timing may be the reason for
decreased CO emissions at all load conditions.
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Fig. 4(a): CO (%) versus load (%) with various injection
timings at lower (20%) H2 substitution
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Fig. 4(b): CO (%) variation with load (%) for different
injection timings at higher (40%) H2 substitution
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Similar results were obtained at higher load
conditions with higher hydrogen (40%) substitution.
High flame speed of hydrogen increases cylinder
pressure as well as improves combustion. Karagoz et al.
(2016) explained the decrease in carbon monoxide
emissions with dual fuel mode. A homogeneous ignitable
mixture forms before combustion because of high
diffusion coefficient of hydrogen and increase in oxygen
reachability.
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Fig. 5(a): CO2 (%) versus load (%) with variation in injection
timings at lower (20%) H2 substitution

4.4. Carbon Dioxide (CO,) Emissions

Figs. 5(a) and 5(b) represent carbon dioxide
(COy) emissions. The retard injection timing (17 °bTDC)
produced low emission of CO; (2.35%) with lower
hydrogen (20%) substitution as compared with dual
advanced (3.30%), pure diesel fuel (2.48%) and dual
standard (3.20%) injection timing at medium load (36%)
load conditions. Emissions of CO2 was high in exhaust,
with engine running on dual advanced (6.07%) injection
timing with dual fuel mode, at high load (69%)
conditions. Combustion efficiency of the system was
measured in terms of CO; emission. High CO; emissions
and less hydrocarbon emissions are desirable under any
working mode. Further with 40% hydrogen substitution
of gaseous fuel, dual advanced (0.81%) showed
diminished production at lower load (2%) conditions as
compared with pure diesel fuel (1.2%), dual standard
(1.16%) and dual retard (1.64%) injection timings.
However, lower production of carbon dioxide was noted
at higher load (69%) conditions.

Lower CO;emissions were observed because of
hydrogen fuel. Combustion duration shortens but
combustion efficiency rises depending on the increase in
H/C ratio in total fuel with hydrogen. The high diffusion
coefficient of hydrogen helps in improving the
heterogeneity of diesel fuel as well as forms a uniform

pre-mixed ignitable mixture. Specific CO, emissions cut
down with hydrogen addition (White et al. 2006; Szwaja
and Grab, 2009; Ghazal, 2013). When the load on the
engine was high (69%), CO, emission increased (as the
engine needs more fuel to satisfy the load). Conversion
of CO to CO, occurred more due to high temperature at
high load condition (Yilmaz and Gumus, 2018).
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Fig. 5(b): COz (%) versus load (%) with different injection
timings at higher (40%) Hz substitution

4.5. Hydrocarbon Emissions

Fig. 6(a) and 6(b) depict hydrocarbon (HC)
emissions of the diesel engine operating with hydrogen
fuel for conditions like dual advance (21 °bTDC, pure
diesel fuel (19 °bTDC), dual standard (19 °bTDC) and dual
retard (17 °bTDC) at various load conditions. The parent
diesel fuel mode (19 °bTDC), gave the least possible HC
emission (3 ppm) at lower load (2% of full load)
conditions as compared with dual advanced (31 ppm),
dual retard (25 ppm) and dual standard (28 ppm)
injection timings with lower (20%) hydrogen
substitution. Further, beyond low load (2%) conditions,
dual retard (17 °bTDC showed lowest HC emission (17
ppm) up to 53% load conditions as compared with dual
advanced (32 ppm), dual standard (38 ppm) and pure
diesel fuel (24 ppm) injection timing. However, at higher
load (69%) conditions, pure diesel fuel (13 ppm) showed
lowest HC emission as compared with dual advance (47
ppm), dual standard (43 ppm) and dual retard (28 ppm)
at lower (20%) substitution of H, fuel (Fig. 6(a)).

The plots of HC emission with higher (40%)
substitution of Hy fuel for different injection timings (Fig.
6(b)) were comparable as presented in Fig. 6(a). Pure
diesel fuel operation (19 °bTDC), offered a notable
decrease in HC at lower and higher load conditions. The
HC emission at lower (2%) load conditions (3 ppm) was
less as compared with dual advance (6 ppm), dual
standard (17 ppm) and dual retard (7 ppm). Further, at
higher load (13 ppm) conditions HC emission was less as
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compared with dual advanced (29 ppm), dual retard (14
ppm) and dual standard (19 °bTDC). However, at medium
load (36%) conditions, HC emissions were lowest for
dual standard (23 ppm) injection timings as compared
with dual advanced (24 ppm), dual retard (27 ppm) and
pure diesel fuel (26 ppm) injection timings.
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Fig. 6(a): Hydrocarbon (ppm) versus load (%) and injection
timings with lower (20%) substitution of gaseous fuel (H>)
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Fig. 6(b): Hydrocarbon (ppm) versus load (%) and injection
timings at higher (40%) substitution of gaseous fuel (Hz)

The emission of hydrocarbon in the exhaust
showed an efficient combustion of diesel fuel with pure
diesel fuel operation (19° bTDC). The experimental
observations showed that larger percentage of hydrogen
gas runaway at low (2%) and high load (69%) with dual
fuel mode conditions at low and high substitution of
gaseous fuel (H) due to slow burning rates of hydrogen
gas. As the mass flow rate of gaseous fuel (Hz) was
predetermined, it was impossible to reduce diesel fuel at
a desired limit. The hydrocarbon emissions in diesel
engine with hydrogen fuel were dependent on a number
of factors like quenching, lean combustion, wall wetting
and poor mixture preparation. Overlapping of the wider

405

valve of diesel engine resulted in more amount of fresh
discharge with the combustion product since a mixture of
gas and air gets inducted during the induction process
(Nwafor, 2007).

4. CONCLUSION

In this study, evaluation of NOy, CO, CO,, HC
emissions and brake thermal efficiency was carried out at
variable load conditions of the diesel engine by changing
the mass flow rate of gaseous hydrogen fuel. Through
intake manifold gaseous fuel was inducted and the diesel
fuel was directly injected to the combustion chamber.
Each test was performed and analysed with 20% and 40%
hydrogen substitution. Following conclusions were
drawn from the experiments conducted:

Addition of gaseous fuel (H.) had a positive
effect on BTE (%) as well as exhaust emissions of the
engine. However, emission of NOy decreased at lower
and medium loads with addition of H, fuel at different
injection timings but it increased with 69% load as
compared with diesel fuel operations. Further, dual retard
injection (17 °bTDC) timing, gave net positive effect on
the BTE (%) and reduced the harmful emissions like
NOy, CO, CO; and hydrocarbons as compared with pure
diesel fuel injection timing. This could be because of
increased mean gas temperature during the time of
injection of diesel fuel. Future studies may also explore
nano-enabled  combustion and  emission-control
materials, nanostructured catalysts, nano-engineered fuel
additives, and nanoscale surface technologies to enhance
combustion efficiency, pollutant mitigation and the
broader environmental performance of hydrogen-
assisted engines.
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