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1. Introduction

Due to the high level of NOx and soot
emissions produced by compression ignition
diesel engines, every year emissions regulations
become stringent. However, higher thermal
efficiency, lower fuel consumption, and more
durability compared to spark ignition and gas
engines made diesel engines more popular and
widely used in the transportation industry, power
generating, and also agriculture [1-3]. Many
researchers from all over the world have
conducted extensive researches on diesel
engines to reduce emissions formation and
enhance engine performance simultaneously [4-
10]. In their paper, How et al. [11] examined the
effects of direct injection timing and split
injection strategies on performance, emissions
formation, and combustion characteristics of a
medium-duty diesel engine. Their results
showed that retarding the injection timing along
with using a triple injection strategy decreased
NOx emissions by less than 100 ppm compared
to baseline operation case. They also indicated
that multiple split injection strategies are an
effective way to simultaneously decrease NOx
and soot emissions when the SOI timing is fine-
tuned.

D’Amboise and Ferrari [12] performed
experiments on the effects of pilot injection
characteristics on low-temperature combustion
in a light-duty diesel engine. They reported that
by increasing dwell timing between the pilot and
main injection, CO emission increased and
increasing of pilot quantity was accompanied by
more CO compared to the baseline case. They
also indicated that by increasing the pilot fuel
guantity, NOx emissions increased, and also
increasing of the dwell timing led to more NOXx
formation. In their experimental study, Wei et al.
[13] explored the effects of pilot injection on a
6-cylinder, turbocharged diesel engine. Their
results showed that using pilot injection
increased MCP and MCT and also reduced the
amount of CO emission compared to a single
injection strategy. Increasing the pilot fuel
guantity led to increase in MCP and MCT.
Furthermore, NOXx emissions increased. In
another research work, Plamondon and Seers
[14] conducted a parametric study on the effects
of pilot injection strategies on the performance

and emissions formation of a light-duty diesel
engine. They reported that using pilot injection
increased the reactivity of early main-injection
timing by shortening the ignition delay period.
They also demonstrated that the optimum
double-injection strategy achieved by retarding
main-injection timing allowed the reduction of
both soot and NOx emissions compared to the
optimum single injection strategy.

In other researches, the focus of the
investigations was on using renewable fuels
such as H2 gas for better emissions and higher
performance. The clean combustion of hydrogen
which produces zero CO2, CO, UHC, and soot
emissions attracted lots of attention to use
hydrogen gas as a clean fuel in compression
ignition diesel engines. Extensive researches
have been conducted to explore the possibility
and influence of using hydrogen gas on the
combustion process, emissions formation, and
performance of diesel engines [15-17]. In their
study, Karagoz et al. [18] conducted an
experimental study on the effects of hydrogen
gas addition on combustion characteristics,
emissions formation, and performance of a
diesel engine. According to their obtained
results, the addition of hydrogen gas decreased
CO (by nearly 69.2%) and soot (by 58.6%)
emissions simultaneously. They also indicated
that peak in-cylinder pressure value increased by
36.2% compared to neat diesel combustion.
Furthermore, a significant increase of nearly
110.94% was acquired in the heat release rate
peak point. Serrano et al. [19] conducted a
detailed study on the effects of hydrogen gas
addition on performance and emissions
formation in a compression ignition diesel
engine. They reported that increasing of
Ha/Diesel ratio made soot decreased but NOx
emissions increased due to higher combustion
temperature caused by hydrogen addition to
combustion chamber compared to pure diesel
combustion.

According to the literature review, applying a
pilot injection strategy and increasing the dwell
timing between injection events resulted in more
carbon-based emissions formation such as CO
and soot. Moreover, addition of hydrogen gas
leads to less soot and CO emissions in the
exhaust gases. For this reason and in the
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following of previous studies, this numerical
research aims to investigate the simultaneous
effects of using pilot injection strategies and
hydrogen gas additions in a heavy-duty diesel
engine. This research is divided into three
sections; the first part discusses about the effects
of hydrogen gas addition and pilot injection
characteristics such as dwell time and fuel
quantity on in-cylinder pressure, temperature,
and heat release rate. In the second and third
parts, the effects of study strategies on emissions
formation (such as NOx, soot, and CO) and
engine performance will be discussed
respectively.

2. Model description

The AVL ESE Fire code was used for
diesel/hydrogen dual-fuel combustion
simulation. The computational mesh was created
using AVL ESE Diesel Tool [20] and since the
injector have six holes and the symmetrical
location of the nozzle is at the center of the
combustion chamber, the CFD calculations were
performed on a 60 degrees segment. Exhaust
and intake ports were not included in the
computational mesh because this study only was
concentrated on the in-cylinder flow and
combustion process. Calculations were started at
IVC and end at EVO event. The ground of the
bowl was meshed with three continuous layers
for a proper calculation of the heat transfer
through the piston wall. The same initial and
boundary conditions were used for all the
computations. The averaged cell size was 2 mm,
and an exact number of cells in the mesh were
31300 and 77650 at TDC and BDC,
respectively. The present resolution was found
to give adequately grid independence. Figure 1
shows the computational grid at TDC. The sub-
models used in Fire code are based on other
researcher’s papers that are very usable and
valid. Table 1 represents the Computational sub-
models used in the CFD code.

V.Manshaei et al.

Figure 1: The computational grid at TDC

Table 1; Computational sub-models

Turbulence model K-Zeta-F [21]

Turbulence dispersion model O’Rourke [22]
Particle interaction model Nordin [23]

Wall interaction model O’Rourke and Amsden [24]
Evaporation model Dukowicz [25]

Breakup model KH-RT [26]

3. Engine Specifications and Model
Validation

A heavy-duty caterpillar 3401 single cylinder
Oil Test Engine (SCOTE) was used for all the
engine simulations [27]. The engine
specifications are listed in Table 2.

Table 2: Engine Specifications [27]

Engine Type

Heavy Duty Turbo-Charged
Diesel Engine

Number of Cylinders

Bore (mm) x Stroke (mm)

1

137.16 x 165.1

Geometric compression ratio 16.1:1
Displacement Volume (L) 2.44
Connecting rod Length (mm) 261.6
TDC Clearance gap (mm) 1.97
Engine Speed (rpm) 1208
Piston Shape Stock
Bowl Volume (cc) 110.8
IVC (CA) 217
EVO (CA) 490
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IMAP (bar) 2.0
IMAT (K) 313

Table 3 presents the specifications of the fuel
injection system [27].

Table 3: Fuel injection system specifications [27]

Injector Holder CBFglsl(ilhz
Nozzle Type Sac
Sac Volume (mm?) 0.7
Number of Injector Holes 6
Spray Angle (Degree) 145
Nozzle Hole Diameter (mm) 0.25
Injection Pressure (bar) 755
Discharge Coefficient (-) 0.69
Hydraulic Flow (cc per 30 sec @ 100 bar) 1000
Fuel Temperature (K) 341
Total Fuel per Cycle (mg) 172.2
Fuel Injection Timing (CA) 350
Fuel Injection Duration (CA) 16.8

Table 4 and Table 5 show the Diesel and H2
fuel chemical specifications, respectively.

Table 4: Diesel fuel chemical specifications [27]

Specific Gravity @ 15.5 C (-) 0.856
Viscosity @ 40 C (cSt) 271
Surface Tension @ 25 C 30
Lower Heating Value (MJ/Kg) 42.526
Cetane Number 46.1
H/C ratio 1.74

Table 5: Hydrogen gas chemical specifications [28]

Property Unit Values
Adiabatic flame temperature (¢ = 1) K] 2480
Auto-ignition temperature in air [K] 858
Density [Kgim®] 0.0824

Flame velocity (¢ = 1) [ms™] 1.85
Flammability limits [% vol. 4-75
in the
air]
Lower heating value [MJ/kg] 119.7

Minimum ignition energy (¢ = 1) [MJ] 0.02

Figure 2 shows the comparison of in-cylinder
mean pressure and rate of heat release of
experimental [27] and present numerical
research work. The results achieved from
simulations are based on the assumption of a
uniform wall temperature of 420 K for the
cylinder wall and 520 K for the cylinder head
and the piston top. As illustrated in Figure 2, the
trends predicted by the model are reasonably
close to experimental results, although there are
still some differences as can be seen in this
figure. These discrepancies could be related to
experimental uncertainties in input parameters to
the computations such as the precise injection
duration, start of injection timing, and gas
temperature at IVC.

12 1.2
1208 RPM = =-Experimental
Neat Diesel Combustion (NDC) —— Present work
DI Timing: 10 CA BTDC

Injection Pressure: 755 Bar
Spray Angle: 145 Degree

o °
> L
Rate of Heat Release (kJ/deg)

e
[

In-Cylinder Mean Pressure (MPa)

0 T f T T - - -
335 340 345 350 355 360 365 370 375 380 385 390 395 400
Crank angle (degree)

Figure 2: Comparison of experimental [27] and
numerical results of in-cylinder mean pressure and
rate of heat release for the baseline operation case.

Regarding emissions formation, Table 6
reports the comparison of experimental and
numerical emissions formation for baseline
operation case. As can be seen from Table 6
emissions formation is well predicted by the
models compared to experimental results.

Table 6: Comparison of current research and

experimental [27] results of emissions for the
baseline operation case.
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Emissions NOx CO  soot
(g/kg. fuel)

Current research 5291 275 0.27
Experimental 49.8 31 031

4. Study strategy

Based on the success achieved in verifying the
baseline operation case with experimental result
in the previous section, this humerical research
aims to examine the effects of pilot injection
strategies on the combustion process of a heavy-
duty compression ignition diesel engine under
pure diesel and hydrogen-diesel combustion
conditions. Pilot-main injection dwells time, and
pilot fuel guantity are two variables that their
effects are the primary purpose of this research.
In addition to baseline operating case, 31
injection strategies based on two variables, dwell
time (20, 25, 30, 35, and 40 CA by varying main
injection timing and constant pilot injection
timing at 40 CA BTDC) and pilot fuel quantity
(5, 10, and 15 percent of total fuel per cycle)
have been considered and their effects on
combustion characteristics (in-cylinder mean
pressure, temperature, and HRR), emissions
formation (NOx, soot, and CO), and engine
performance (ISFC and IP) under neat diesel and
diesel-hydrogen (80-20% energy fraction)
combustion were investigated.

5. Results and discussion
5.1.Effects of Study Strategies on the
Combustion Characteristics

Figure 3 shows the effects of pilot fuel
guantity on the combustion characteristics. As
indicated in this figure, by increasing the pilot

V.Manshaei et al.

[
=

——Pilot Fuel Quantity= 5% NDC

==-Pilot Fuel Quantity= 10% MIT= 10 CA BTDC

----- Pilot Fuel Quantity= 15%] .7
e

-
2

PIT= 40 CA BTDC
DT=30CA

—-
= =Y ® =3

In-cylinder Mean Pressure (MPa)

(5

330 340 350 360 370 380 390 400
CA (degree)

1600 0.56
-——Pilot Fuel Quantity= 5%

= =-Pilot Fuel Quantity= 10% .
----- Pilot Fuel Quantity=15%| ",====31.

1500

1400

F0.42

1300

1200

NDC
MIT= 10 CA BTDC
PIT= 40 CA BTDC

DT=30 CA

an Temperature (K)

1100 0.28

—
=
=4
=

HRR (kJ/degree)

e
=
=1

0.14

In-cylinder Me:

@
=]
=1

-3
=]
=1

=
=
=1

0
330 340 350 360 370 380 3% 400
CA (degree)

Figure 3: Effects of study strategies on combustion
characteristics

fuel quantity MCP, MCT, and HRRPP
increased.

Pilot fuel injection at early timings due to
lower in-cylinder pressure and the temperature
inside the combustion chamber led to more
available time (longer ignition delay period) and
subsequently, more fuel could evaporate,
accumulate, and burn in premixed combustion
mode. Because the burning rate is significantly
higher during the premixed combustion
compared to diffusive mode, as reported in Fig.
3, increasing pilot fuel quantity led to the
increment of MCP, MCT, and HRRPP since
more portion of diesel fuel burned in premixed
combustion mode.

Figure 4 shows the effects of pilot-main
injection dwell time on the combustion
characteristics. As can be seen from this figure,
by retarding the main injection timing due to
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Figure 4: Effects of study strategies on combustion
characteristics

higher in-cylinder pressure and temperature at
the end of the compression stroke, the ID period
becomes shorter, and most of the evaporated
fuel burns in diffusive combustion. As indicated
earlier, since the burning rate is noticeably lower
during diffusive combustion compared to
premixed mode, postponing the main fuel
injection event led to lower pressure and
temperature rise rate and subsequently, based on
Figure 4, MCP, MCT, and HRRPP significantly
decreased.

Figure 5 shows the effects of hydrogen gas
addition on in-cylinder mean pressure,
temperature, and HRR trends. As can be seen
from Figure 5, the addition of hydrogen gas into
the combustion chamber noticeably increased
MCP, MCT, and HRRPP simultaneously. Due
to higher heating value and faster combustion
rate of H2 gas compared to other gaseous and
liquid fuels, the addition of H, considerably

12

—(NDC) .
—=-(Diesel-H2) - —

10

In-cylinder Mean Pressure (MPa)
EN

Injection Timing: 10 CA BTDC
Single Stage Injection Strategy

0
335 340 345 350 355 360 365 370 375 380 385 390 395 400
CA (degree)

1600 0.8

—(NDCO)
1400 | | ==-(Diesel-H2) Ao 0.7

-
2
S
=

1000

Injection Timing: 10 CA BIDC
800

Single Stage Injection Strategy

600

In-cylinder Mean Temperature (K)
HRR (kJ/degree)

335 340 345 350 355 360 365 370 375 380 385 390 395 400
CA (degree)

Figure 5: Effects of H2 addition on the combustion
characteristics

improved the fuel oxidation process and
subsequently,  in-cylinder  pressure  and
temperature  of combustion  considerably
increased.

5.2. Effects of Study Strategies on the
Emissions Formation

Figure 6 shows the effects of pilot-main
injection dwell time, pilot fuel quantity, and
hydrogen gas addition on the soot-NOx trade-
off. As can be seen from Figure 6, by advancing
main fuel injection timing the amount of soot
emission first increased and then decreased.
Also, NOx emissions gradually increased as
MIT was advanced. Advancing main fuel
injection timing led to more evaporated fuel to
burn in premixed combustion and subsequently
caused higher MCP, MCT, and HRRPP
simultaneously. As a result, due to the higher
combustion temperature, the amount of NOx
emissions increased and soot oxidation process
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improved. In another word, by decreasing the
DT due to shorter combustion duration, MCP,
MCT, HRRPP increased. Also, as can be seen
from Figure 6, NOx emissions increased and due
to the improvement of the air-fuel mixture
oxidation process, soot emission decreased for
20 CA DT. As indicated in Figure 6 using a pilot
injection strategy for NDC mode considerably
increased soot emission compared to baseline
single-stage injection strategy. By spraying the
amount of fuel at early timings (e.g. 5% of total
fuel at 40 CA BTDC) due to mixture formation
before the main fuel injection event, in-cylinder
oxygen concentration decreases for main fuel
injection event and as a result, fuel oxidation
process for the main injection event deteriorates.
Thus, based on Figure 6, soot emission
increases. Furthermore, as indicated in Figure 6,
the addition of hydrogen gas significantly
increased NOx emissions and improved soot
oxidation. As indicated earlier, due to the high
heating value of hydrogen gas, the addition of
H2 into the combustion chamber leading to a
significant impact on in-cylinder pressure and
temperature of combustion and as a result, soot
emission decreased, but NOx significantly
increased compared to NDC mode.

As illustrated in Figure 6, increasing pilot fuel
guantity due to higher combustion temperature
and less oxygen concentration for the main fuel
injection event led to an increase in the amounts
of NOx and soot emissions simultaneously. For
this reason, a simultaneous increase in NOx and
soot level by the addition of the pilot fuel
guantity must be considered as one of the
disadvantages of using pilot injection strategies.

Figure 7 shows the effects of pilot-main
injection dwell time, pilot fuel quantity, and
hydrogen gas addition on the CO-NOx trade-off.
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Figure 6: Effects of study strategies on the soot-NOx
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As indicated in Figure 8, by advancing the
main fuel injection timing the IP increased and
ISFC improved. As indicated earlier, by
advancing main fuel injection timing due to
more premixed fuel combustion and higher
pressure and temperature rise rate, the MCP,
MCT, and HRRPP increased. As a result, higher
combustion temperature led to the improvement
of the air-fuel mixing and oxidation process that
could increase IP and improve ISFC
simultaneously. In another word, by decreasing
the pilot-main injection DT, due to shorter
combustion duration and higher pressure and
temperature rise rate, the air-fuel oxidation
process improved, and as can be seen from
Figure 7, IP increased, and ISFC improved
under NDC and DHC engine operating
conditions.

As illustrated in Figure 8, increasing pilot fuel
guantity due to more mixture formation before
the main fuel injection event that could increase
MCP, MCT, and HRRPP, led to the
improvement of IP and ISFC. Furthermore, the
addition of hydrogen gas due to high heating
value and faster combustion rate led to an
increase in the MCP, MCT, and HRRPP. As a
result, higher IP and lower ISFC achieved under
DHC compared to NDC mode.

6. Conclusions

In this research, the separate and simultaneous
effects of pilot-main injection dwell time, pilot
fuel quantity, and the addition of H2 gas on
combustion characteristics, emissions formation,
and performance of a single-cylinder heavy-duty
diesel engine have been investigated. Results
showed that:

e The induction of hydrogen gas into
the cylinder increased MCP, MCT,
and HRRPP compared to NDC mode.
The higher combustion temperature
improved the mixture oxidation
process, and as a result, soot and CO
emissions considerably decreased.
However, because of the high heating
value of H2 gas and higher
combustion temperature under DHC

V.Manshaei et al.

operating conditions, more NOx
emissions formed compared to NDC
mode.

e Increasing pilot fuel quantity due to
higher combustion temperature and
less oxygen concentration for the main
fuel injection event led to an increase
in the amounts of NOx and soot
emissions simultaneously.

e By decreasing pilot-main injection
dwell time, due to shorter combustion
duration and the improvement of the
air-fuel oxidation process, CO and
soot emission decreased at the
expense of high NOx emissions.

e Applying a pilot injection strategy due
to mixture formation before the main
fuel injection event, led to a reduction
of in-cylinder oxygen concentration
for main fuel injection event and as a
result, the fuel oxidation process for
the main injection event deteriorates
and subsequently, soot emission
increases.

Overall, applying a pilot injection strategy
along with substitutioning of a part of diesel fuel
with hydrogen gas is a very effective way to
enhance engine performance as well as decrease
carbon-based emissions such as soot and CO
emissions. However, since the combustion
temperature considerably increases, this strategy
leads to a high level of NOx formation in the
exhaust gases. For this reason, using this
strategy must be along with acquiring NOXx
after-treatment system to compensate the excess
level of NOx formation.
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BDC Bottom Dead Center

BTDC Before Top Dead Center

CA Crank Angle

CFD Computational Fluid Dynamic
Cco Carbon Monoxide

DHC Diesel Hydrogen Combustion

DI Direct Injection

DT Dwell Time

EVO Exhaust Valve Opening

HRRPP Heat Release Rate Peak Point

ID Ignition Delay

IMAP Intake Manifold Air Pressure
IMAT Intake Manifold Air Temperature
IMEP Indicated Mean Effective Pressure
IP Indicated Power

ISFC Indicated Specific Fuel Consumption
IT Injection Timing

IvVC Intake Valve Closing

MCP Maximum Combustion Pressure
MCT Maximum Combustion Temperature
MIT Main Injection Timing

NDC Neat Diesel Combustion

NOXx Nitrogen Oxides

PFQ Pilot Fuel Quantity

PIT Pilot Injection Timing

SOl Start of Injection

TDC Top Dead Center
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