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in the CO content increase in the exhaust with the burning temperature reduction. %
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1 | INTRODUCTION combustion engines. The environmental challenges worldwide enforce %
the research and development of automobile industries to comply g

Hydrogen-based engines are in the spotlight with much attention with progressively more stringent policies on pollutant emissions reg- §
given to developing the feasibility and operability of such schemes. ulations by keeping the smoke, NO,, and CO, within the permissible ‘é
]

Methane or natural gas is an alternate fuel that provides a robust threshold of Euro 5 standards in the majority of developed 2
framework for green energy and clean combustion concept in internal countries.* ™3 f;;
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Hydrogen as a promising energy vector is envisaged to be utilized
in the fuel cell segment of hybrid electric vehicles as well as in internal
combustion engines either as a premixed mode or direct injection
approach.*° Alternatively, methane and hydrogen-methane (hythane)
are gaseous fuels with both high energy density and clean/green
energy sources that can mitigate global warming and the greenhouse
effect.® The outlook of the automotive industry navigates through a
promising future where hydrogen can be more affordable, cost-effec-
tive, economic, and sustainable although there are serious concerns
over infrastructure and storage concerns to various reports from EEA
to EPA and EU.”®

In the recent years, there are research projects that investigated
the use of hydrogen in proportion blended with other fuels in both SI
and CI engines, where the target is set to reduce the emissions below
the limit while simultaneously producing high power output. It is
approved that hydrogen addition can extend the flammability limit, and
contribute to faster flame propagation, and lean-burn capacity in the
cylinder,” while boosting the thermal efficiency with NO, decline.’® In
this context, Gong et al.* explored the effect of hydrogen addition to
methanol-fueled S| engines to observe the trend in ignition timing,
combustion quantities, and emissions variation. The outcome of the
tests indicated increased indicated mean effective pressure (IMEP),
maximum cylinder pressure, and heat release rate (HRR) with hydrogen
addition at both low and high engine speeds. The levels of NO, and
soot, however, increased with hydrogen addition at high engine speeds.
Yip et al.!? reviewed comprehensively the direct injection of hydrogen
in an attempt to picture a carbon-free prospective for ICEs. According
to this study, hydrogen is beneficial for the design of effective engines
since the diffusion of hydrogen is four times that of CNG, which is
highly desirable for achieving a uniform mixture or charge. The optimi-
zation technique can be applied for the engine cycle and gas exchange
modeling to find the best operational condition of the diesel engine to
manage the emission and increase the energy efficiency.!® The regula-
tion of air/fuel mixing, swirl motion, compression ratio, and coolant
temperature are taken as design variables to reach the best solution
meeting the objective function desirable amount. The powertrain simu-
lation aids toward fuel flow and injection or air mixing mechanism
understanding especially when it comes to the reactivity controlled
compression ignition (RCCI) concept. This has been practiced in Refer-
ence 14, where the hydrogen and diesel fuels are introduced to the
chamber as port induction and direct injection. This allows for in-depth
energy, exergy, and performance analysis of the power drive unit.
Recently, Subramanian et al.'® have gone through a comprehensive
study on different energy fractions of hydrogen and oxygen gas (HHO)
in a dual-fuel engine. By using this gas, the thermal brake efficiency has
increased significantly, while the specific fuel consumption as well as
CO,, HC, and NO, emissions reduced.

The 1D calculation software of AVL boost furnishes a proper plat-
form for simulation of engine component connection and thermodynamic
modeling of conservation equations and combustion kinetics of in-
cylinder processes. This potent code is employed by Karagoz et al.® for
studying the effect of hydrogen addition on combustion and emission fea-

tures of spark-ignited engines. Both the Woschni heat transfer and Vibe

TABLE 1 Engine specifications

Engine specs Value/comment

Manufactured Opex company
8/5.9 (bhp/kW)

1500 (rpm)

Rated brake power
Rated speed
Number of cylinders 1

Bore x Stroke 87.5 x 110 (mm)

Compression ratio 17.5:1

Cooling sys Water cooled
Lubrication sys oil SAE 30/SAE 40
Injection opening pressure 220 (bar)

2-zone combustion models are considered to account for detailed engine
results under different engine speeds and lambda values. The obtained
results explain why CO and total hydrocarbons (THC) decrease while NO,
increases with the use of hydrogen as a fuel in the S| engine. Similarly,
Ayad et al.¥” performed a hydrogen-enriched ethanol-fueled Sl engine
simulation on the same platform. The findings are highlighted with better
thermal efficiency at low boost for pure ethanol, whereas at high boost
situation, hydrogen-enriched cases lead to better thermal efficiency. In an
experimental study conducted by Sandalci et al.® the impact of hythane
enrichment is explored for its viability in a Cl engine in terms of perfor-
mance and emission. They proposed a solution to obviate the dieselization
issue when hythane is applied in a diesel engine in dual-fuel operation.
However, hythane addition leads to increased CO, NO,, and THC, though
it also results in the rise of maximum cylinder pressure and HRR. Niculae

et alt®

conducted a simulation study of S| operated engine with alterna-
tive fuels in the gaseous form of CNG (100% methane), different hythane
blends, and hydrogen. Their results indicate higher engine efficiency, and
reduced THC, CO, and NO, when replacing gasoline with hythane.

One of the methods to control detonation and/or knocking in the
engines with hydrogen injection is to apply water injection, which is
also employed in our study. Xu et al.? analyzed the effect of water
injection in the hydrogen-fueled spark-ignited engine while the excess
air ratio and spark timing were varied. They found a considerable NO,
drop and a slight increase of indicated mean effective pressure (IMEP)
with water-to-air ratio increment.

This study complements experimental and numerical approaches to
study the effect of different diesel-based fuels blended with methane,
hydrogen, and hythane with/without water involvement under the influ-
ence of operational factors of nozzle-hole, number of nozzles, compres-
sion ratio, and engine speed. The experimental test is designed with a
single-cylinder diesel engine with diesel fuel at full load and 1500 rpm
speed. After calibration of the test rig, the corresponding data are used in
AVL Boost; while appropriate combustion, emission, water cooling, and
heat transfer models are adopted and a successful validation is achieved.

Based on the reviewed literature, there has been a gap in diesel
engine analysis with hydrogen, methane, and hythane with water
addition, when the injection parameters are included. The present
investigation attempts to introduce the best composition of fuel for

each of the engine performance and emission reduction strategies.
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FIGURE 1
setup

(a) Experimental test rig, (b) a schematic view of the

2 | EXPERIMENTAL DETAILS

A direct injection compression ignition engine, whose characteristics
are given in Table 1, was utilized in the experiment. It is a single-cylin-
der, water-cooled engine as shown in Figure 1. An eddy current dyna-
mometer coupled through a shaft was used to deduce the brake
power of the engine during operation. The engine-out emission spe-
cies were quantified using an AVL Di Gas analyzer unit, which was
connected to the tailpipe after the catalyst but before the plenum.
Short running intervals were implemented to reduce transient emis-
sion fluctuations. The FTO flow meter manufactured by Flowtech
Company was employed to monitor the flow rate of the fuel. The
measurement uncertainty and reliability index for the experimental rig
components were estimated following Reference 20:

Engine speed +1 rpm, engine torque £1 Nm, NO, emissions +5%,
CO emissions +1%, CO, emissions +2%, HC emissions £2%, smoke
+5%, fuel flow rate measurement +1%, and lower heating value of the
fuel £4%.

In order to assure the reliability of the tests with the reference
diesel fuel and to have confidence in the repeatability of the experi-
ment, the engine runs on diesel fuel under full load and at 1500 rpm
for 15 min for the engine warm-up and to reach the stabilized situa-
tion. The tests are repeated and the obtained data having lesser than
+0.02 error is taken for reporting, after finishing the procedure, the

tank and fuel line is cleansed.
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FIGURE 2 A schematic sketch of cylinder.

3 | NUMERICAL FORMULATION OF 1D
ENGINE SIMULATION

The AVL Boost interface is employed for modeling the different com-
ponents and the fundamental process of combustion, mass/species
transport, momentum, energy/heat transfer. The system configuration
is an assembly of variety of components such as air-cleaner, cooling

heat exchanger, cylinder, catalyst, and plenums.

3.1 | Governing equations
According to the first law of thermodynamics, and considering the
moving control volume within the piston-cylinder arrangement, the

state of the system based on crank-angle is estimated as®*:

dmc.u) dv  dQe dQ,, dmg dm; dm,
G~ Peds g 2 do M ap a2 gg
dMeyp
- Qevp-Y- dt
(1)
The mass flow change with crank-angle is given as follows:

dmc @ _ dme B dﬂ dMmeyp 2)

do 4~ do do  deo dt

where @ is crank-angle, p., m., V, u, y, and ge,,, are, respectively, cylin-
der pressure, cylinder mass, volume, specific internal energy, fuel
evaporation fraction, and evaporation heat. Referring to Equation (1),
the variation in internal energy is the sum of piston work, fuel heat,
wall heat losses, and outflow of enthalpy, respectively. The in-cylinder

gas composition is determined from the immediate combustion of the
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added fuel perfectly homogenized with the residual cylinder charge.
Therefore, the air/fuel ratio decreases consistently from start of com-
bustion onward until the end of combustion. The following equation,

together with Equation (1), are employed to update pressure, temper-

ature, and density using a Runge-Kutta method.

1
Pe :VAmCARO.Tc (3)

where R, is the universal gas constant. Upon finding the cylinder tem-
perature, the above equation can be solved for obtaining the cylinder
pressure. Figure 2 presents a schematic of the cylinder for basic calcu-
lations of in-cylinder energy balance.

3.2 | Heat transfer and combustion modeling and
computation

The in-cylinder heat transfers across the walls of the combustion
chamber, including the cylinder head, the piston, and the cylinder

liner, is calculated using
Qui :Ai~aw'(Tc - Twi) (4)

The heat transfer rate from the wall is represented by Q,,;, where “i”
in the subscript is one of the three walls of the chamber. Moreover, A;
is the surface area of the respective wall, a,, being the heat transfer
coefficient, and T, with T,,; are the cylinder gas temperature and wall
temperature. For the heat transfer coefficient, there are different
models developed for different applications. The modified Woschni
heat transfer model®? for a,, gives a more accurate account of the

heat transfer especially at part load operation:

v 2 038
1+2 <%> .IMEP‘O'Z} }

©)

@y =130.D702 p08 72032, {cl.cm.

Here, D signifies the cylinder bore, ¢, is the mean piston speed, c, is
the circumferential velocity, c1:2.28+0‘308§7:, Vipc the cylinder

TABLE 2 The operating parameters of components in the
software

parameters Value / unit
Coolant temperature 58.2°C

Inlet air temperature 95°C

Total air cleaner volume 31L
Number of injector holes 6

Hole diameter 0.5 mm

Rail pressure 1500 bar
Discharge coefficient 0.54
Premixed combustion parameter 0.7
In-cylinder swirl ratio 2

volume at TDC position, and V is the actual volume; while IMEP is the
indicated mean effective pressure.

The mixing controlled combustion (MCC) model?>24 is utilized to
treat the combustion processes in the combustion chamber of CIDI

(compression-ignition, direct-injection) engines. Specifically,

dQumcc

U1CC _ e f1 (e, Quicc) Fa V). ©
Considering,
Faome Qucc) = me — et ). o, )
vk

f2(k: V) = Crate- (8)

W

where Qucc denotes cumulative heat release during diffusion stage
(kJ), Ccombs Cegrs and C,te are combustion, EGR influence, and mixing
rate constants. In addition, k is the local density of turbulent kinetic
energy (m?/s2), mg is the vaporized fuel mass (kg), V is the cylinder vol-
ume (m3), LHV signifies the lower heating value (kJ/kg) and wo, is the

available oxygen mass fraction at SOI.

4 | THEINVESTIGATION PROCEDURE
AND VALIDATION

In the first stage, the diesel fuel is tested on the experimental test

bench at 1500 rpm and at full load condition, which is cooled by a

C01: Samed CL1
q R1 2 1 SB1

PL2

MP9

1D model of AVL Boost for engine line simulation

Yo

FIGURE 3
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FIGURE 4 Comparison of
experimental and numerical curves,
(@) HRR, (b) pressure, and

(c) temperature at 1500 rpm and full
load for diesel engine
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TABLE 3 Major fuel properties, fuel compositions, and related thermodynamic values

A/F LHV
# Fuels ratio (—) (kJ/kg)
Diesel 151 42830.4
Methane 17.22 50044.7
Hydrogen 34.27 120043.1
Diesel50Methane 50 16.1 46437.5
Diesel50Hythane50 (50%Diesel-30% 21.3 67437.06
Methane-20%H,)
Diesel50Hydrogen50 24.7 81436.7

water cooler tool. Thereafter, the 1D simulation is performed by AVL
Boost to model the engine line from the inlet air filter and water
cooler to the cylinder and plenums. The modeling parameters such as
cylinder bore, stroke, compression ratio, the number of nozzles, mass
flow, and coolant temperature, etc. are determined based on the real
experimental data. The main parameters of the modeling are listed in
Table 2, which are based on the actual measured values.

The fuel flow is adjusted by the fuel mass injection by the injector
in this case the injected diesel to the cylinder is 31.3 mg/cycle and the
controlling measures are implemented by regulating the initial gas
composition via A/F ratio and the combustion products. The classic
species transport is selected for the cycle simulation where the
BOOST gas properties tool is used for defining different fuel types
properties with different fractions.

The AVL Boost model assembly line of the engine with connected
components through pipes is illustrated in Figure 3. The cycle simula-
tion by the software is characterized by the classic species transport
method and the spatial discretization of pipes that have an average
cell size of 25 mm. This platform supplies an inclusive species trans-
port in full flexibility to deal with the fuel composition and working
gas. This is accomplished with an internal solver for chemical reac-
tions. The modeling task is based on the cycle simulation controlled
by the classic species transport for the gas exchange and the internal
gas properties data file is used therein the enthalpy/entropy values
are interpreted by the polynomial coefficients. The cycle type is
4-stroke and the engine runs at 1500 rpm.

In order to guarantee the accuracy of the modeling by software,
the heat release rate (HRR), pressure, and temperature of in-cylinder
curves are compared in Figure 4. As shown, the validity of the numeri-
cal results can be confirmed due to the negligible discrepancy between
experimental and numerical values. The highest deviation occurs at
363 CA, which can be attributed to the uncertainty of heat loss and the
amount of blow-by from the piston-cylinder configuration.

Upon validation, the tests with different fuels of methane, hythane,
and hydrogen blends with diesel are applied in the engine. Then, 10% of
water was added to each blended sample to configure their influence
on the engine performance. The various blends of fuel composition in
the present research together with their specifications are summarized
in Table 3. Furthermore, the effects of operational parameters such as
engine speed, nozzle diameter, number of nozzle holes, and compression

ratio on engine performance and emissions concentration are analyzed.

Molar mass Heat of Carbon/total mass
(kg/kmol) evaporation (J/kg) ratio (—)
100.2 275,000 0.839
16.04 513,000 0.748
2.01 456,000 0
58.1 394,000 0.793
55.3 382,600 0.643
51.1 365,500 0419
6e+06
(a) : —— D100 (Pa)
; . D50M50 (Pa)
sges06d LN e D50Hy50 (Pa)
W [mem—— D50HY40W10 (Pa)
\_ |—=— D50H50 (Pa)
560406 Y D50H40WA0 (Pa)
& 5 46406+
e
3
"
@ 5.2e+06 |
o
5e+06
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46e+06 ———m———— " 4——"—7 1+
345 350 355 360 365 370 375 380
CRANKANGLE (deg)
9200
(b)
9000
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8800 3% D50MS0 (J/(kg K))
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28400 D50HA0W10 (J/(kg.K))

7000 T T T T T T T
0 90 180 270 360 450 540 630 720
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FIGURE 5 (a) Pressure variation and (b) entropy variation with CA

for different fuels at the base mode operation

5 | RESULT AND DISCUSSION

The general trend of pressure, entropy, NO,, and soot emissions with
CA are presented in the first section, to provide a clear insight into
the effect of fuel composition effect on general engine function.
Entropy is a thermodynamic property that plays an important role in

the analysis of the system from the second law view and to determine
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involvement in the composed fuel leads to both negligible pressure and
entropy reduction of as much as 0.4%, which is attributed to steam
transferring some of the waste heat. The decrease in peak pressure

with 10% water emulsion is in agreement with the results reported in%®

Over the emission control strategy, the accumulated NO, and
soot species variations with the fuel blend are exhibited in Figure 6. It
is noted that adding methane, hythane and hydrogen fraction to diesel
lowers the concentration of NO, production in the cylinder. Although,
the temperature increases with the addition of the gaseous fuel (this
can accelerate the forward reaction of the Zeldovich mechanism?’
toward more accumulation of NO,), the lean mixture formation along
with lower oxygen content of hythane and hydrogen justifies the NO,
reduction. The low-level addition of 10% water raises the NO,
amount that is not reported in other scientific reports. A probable
cause for this observation is the improvement in spray characteristics
with water involvement when there is hydrogen in the fuel blend.

Soot emission is the main challenge for diesel engines that are ini-
tiated at rich premixed flames and oxidized at stoichiometric or lean
regions. The oxidation rate depends on the OH radicals and high-
temperature zones to be oxidized during a long enough residence
time.2® Figure 6b demonstrates a reduction trend of accumulated soot
with methane, hythane, and hydrogen addition to diesel. This is mainly
due to the formation of a leaner mixture with hydrogen, along with
higher temperature and thus oxidation rate that occurs with hydrogen
and methane gases introduction. On the other hand, hydrogen and

TAGHAVIFAR
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FIGURE 6 (a) Accumulated NO, and (b) accumulated soot

variation with CA for different fuels at the base mode operation

the sources of irreversibilities.?> The basic values of operational
parameters are fixed for the base case, which is CR = 17.5, the num-
ber of injector holes = 6, hole diameter = 0.5 mm, and engine
speed = 1500 rpm. The variation of the pressure, entropy, NO,, and
soot with crank-angle are demonstrated at the base values. In the next
section, the effect of operational parameters on the overall engine
performance and emissions are addressed as well to ascertain which
fuel is more pragmatic for the particular operational mode.

Figure 5 presents the variation of in-cylinder pressure and entropy
with respect to CA for different fuels. In Figure 5a, the pressure at each
CA becomes higher in the order of methane, hythane, and hydrogen
addition to the base diesel. This can be explained by the thermody-
namic properties listed in Table 3, where the A/F ratio and LHV for the
compound fuels are increasing in the same order. As the A/F ratio of
diesel increases from 15.16 to 24.72 of D50H50 (very lean mixture), it
is seen that the peak pressure subsequently increases over 9.89%. The
addition of 10% water for hythane and hydrogen blends can slightly
reduce the in-cylinder pressure because of the heat absorption of
water. According to Figure 5b, the methane, hythane, and hydrogen
addition to diesel can gradually increase the entropy generation, since
their respective heating value is also increasing. Therefore, when
increasing the heating value from 42.8 MJ/kg for diesel to 81.4 MJ/kg
for D50H50, the heat loss from the exhaust valve and cylinder wall

increases, contributing to entropy increase and irreversibility. Water

methane have comparatively lower and zero-carbon in their molecular
structure, such that the molar mass of diesel ~100 kg/kmol reduces
to ~50 kg/kmol for D50H50 (see Table 3).

Figure 7 displays the effect of engine speed on engine perfor-
mance and exhausted species emissions for different tested fuels.
Beginning from Figure 73, it is evident that engine speed increment
leads to an obvious increase in BSFC, while the BMEP tends to a
decrease. The pure diesel and diesel-methane samples combustion
give the highest fuel consumption rate. As seen, the application of
hydrogen and methane (or hythane in the combination form) is effec-
tive in lowering the amount of fuel consumption during all engine
speed run. The reason is that for sustaining the engine power at a
constant level, the hydrogen and methane-involved fuels require
lower molar mass to meet the demanded energy (LHV). As a result, an
average of 2.1% decrease with methane and a 13.6% decrease of
BSFC with hydrogen use occur. Accordingly, the indicated torque and
peak burning temperature for different fuels are investigated with
respect to the engine speed in Figure 7b. The maximum burning tem-
perature happens at 2500 rpm, while IT reduces steadily with engine
speed. The highest value of burning temperature is achieved by
D50H50 combustion and the lowest value is attributed to pure diesel
(D100). Adding either methane or hydrogen can progressively
increase the heating value of the blended fuel, meanwhile, 10% by
volume water addition led to ~800 K temperature reduction at
2500 rpm. By increasing the gas (methane/hythane/hydrogen) ratio,
the burning rate increases, and thus the mean in-cylinder pressure rise

that is conducive to higher torque delivery.
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FIGURE 7 The effect of engine speed on (a) BSFC and BMEP, (b) IT and peak burning temperature, and (c) NO,, CO, and soot for different

fuels
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different fuels
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According to Figure 7c, the average concentrations of NO,, soot,
and CO for different fuel compositions at different engine speeds are
recognized. Soot and CO amounts rise with engine speed especially
above 2500 rpm, whereas NO, drops with increasing engine speed.
At higher engine speeds, the time for complete combustion shortens,
which is the main reason for soot and CO formation. Considering CO
and soot, there is a noticeable reduction of these species for
D50H40W10 compared to D100 since the carbon-free hydrogen gas
is added by 50% with diesel. The NO, emission shows different
behaviors for different fuels at engine speeds lower and higher than
2500 rpm. The NO, amount falls with the addition of methane,

hythane, and hydrogen, however, at higher engine speeds the inverse
trend is detected. The decrease of NO, with H, at 1900 rpm and
2500 rpm has been previously reported in Reference 29, where
hydrogen+diesel is not increasing the combustion intensity. The addi-
tion of H2 to diesel decreases the ignition delay and heat release dur-
ing the pre-mixed phase, contributing to lower NO, %° The higher NO,
with methane, hythane, and hydrogen application is attributable to
more heat generation due to the greater heating value of the gaseous
fuels, thereby elevating in-cylinder temperature.

The diameter of the injector determines the cavitation flow

regime and the spray breakup and atomization,* hence the air-fuel
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mixture and subsequent combustion take a drastic effect accord-
ingly. Figure 8a presents the variation of BSFC and BMEP with the
nozzle diameter. As the nozzle diameter increases, the fuel con-
sumption increases since more fuel flows through the nozzle. The
increase of methane and hydrogen gas share in the diesel contrib-
utes to the increase in BSFC since the addition of gaseous fuel por-
tion increases the dual-fuel mass flow rate, while the addition of
water, in contrast, reduces the mass flow and hence the BSFC. The
fuel consumption for D50H50 is the greatest when the nozzle is
large, while for a smaller nozzle, diesel fuel shows more BSFC com-
pared to other fuels. The fuel consumption difference between
D50H50 and D100 increases from 14% at a 0.5 mm nozzle hole to

28% at a 1 mm hole diameter due to the increased calorific value of
gaseous fuel.3?

Figure 8b demonstrates that when the nozzle size increases both
peak temperature and torque decrease. This is an obvious outcome of
deteriorated injection and spray quality at a big nozzle hole disrupting
the effective atomization process and making the non-uniform mix-
ture. As a result, fuel evaporation and combustion occur undesirably.
Therefore, nozzle diameter increment leads to lower temperature as
well as lower engine torque. The maximum peak burning temperature
at any hole diameter is associated with D50H50 with 2828 K at
0.25 mm nozzle diameter and base diesel (D100) presents the lowest

temperature among the tested blends. Concerning IT, the
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D50Hy40W10 is dominant particularly at the lower range of the
nozzle hole, while the torque of D50H50 case is noticeably lowest.
Further, one can observe that adding water to the compound fuel is
contributing toward more engine torque output, although the peak
temperature falls with 10% water involvement. The water in the blend
absorbs the heat and therefore the combustion temperature is dimin-
ished, meanwhile, the generated steam exerts more pressure on the
piston and induces a greater torque (~17% increase at 1 mm hole
diameter for diesel-hythane case).

Figure 8c shows the emissions concentration for different com-
pound fuels under various nozzle hole diameters. As a general trend,
NO, and soot decrease, while CO increases, with nozzle hole diameter.
The addition of gaseous fuels increases CO. The D50H40W10 and
D50Hy40W10 cases show the lowest CO content because (1) CH4
and H2 have comparatively lower carbon than diesel in their structures
and (2) steam dilution accelerates the third body collision and OH radi-
cal formation due to higher pressure, which ultimately decreases the
CO content.3*3* The results indicate that with a small nozzle, NO,
increases with steam dilution. Since the prompt pathway is dominated
by a large nozzle, NO, decreases with water due to the thermal NO,
effect. The increase of gaseous fuel portion in diesel brings about a sig-
nificant reduction of soot since the hydrogen and methane burn with-
out smoke and the temperature increase would oxidize the soot, thus
soot amount further decreases with methane, hythane, and hydrogen
successively. On the other hand, 10% water in the blend is seen to
decrease the soot loading at 0.25 mm nozzle diameter where the spray
structure has better quality and jet disintegration is implemented effi-
ciently. At larger hole diameters, the reverse trend can be discerned
when water is involved, affecting the soot content adversely since
water promotes soot surface growth and the extent of carbonization,
reduces slightly the soot oxidation.3® It is believed that when using a
small nozzle, the tiny droplets of water are evaporated easily and the
steam controls the soot formation via dilution and chemistry (mostly
through the backward OH + H2<H + H,0 pathway®®).

The number of nozzle holes in the injector with a fixed injection
rate and mass flow is investigated on the engine performance and main
pollutant emissions. Figure 9a shows NO, and CO emissions concentra-
tion for different analyzed fuels as a function of the number of holes.
Overall, increasing the number of holes from 1 to 6 yields an average
40% drop in NO,, which comes from lower injection pressure and
velocity, poor mixture formation, deficient combustion, and lower tem-
perature; consequently, NO, decreases (the results are in agreement
with results of®”). Next, CO increases considerably with the number of
nozzle holes due to the incomplete combustion mentioned above. The
practical role of gaseous fuels (hydrogen, hythane, and methane) on
NO, and CO engine-out content can be appreciated again.

As seen from Figure 9b, increasing the number of nozzle holes
brings about both peak temperature and indicated torque reduction;
for example, the D50H50 peak temperature is decreased from
2828 K'to 2792 K to 2785 for 1, 3, and 6 holes, respectively. Similarly,
IT values are decreasing with increasing hole number since for a fixed
hole area, fuel is injected with lower velocity, and uniform air-fuel for-

mation deteriorates, worsening engine performance, especially for

D50H50 (~40% reduction). It is noteworthy that IT reduction with
nozzle hole number affects D50H50, while its impact on D100 is
insignificant.

Figure 10a shows that NO, is gradually decreasing with increasing
compression ratio, and water involvement caused NO, to increase.
The amount of CO is also continuously decreasing with compression
ratio as a higher compression ratio is attributable to more complete
combustion and more CO to CO, oxidation rate. The addition of
methane, hythane, and hydrogen further reduced CO, while water
involvement intensifies the CO emission reduction.

The engine performance and combustion parameters of IT and
peak temperature are graphed for different fuels under different com-
pression ratio levels in Figure 10b. The maximum temperature and
torque are associated with D50H50. In addition, water emulsion con-
tributed to a slight torque reduction and marked peak temperature

decrease in all studied compression ratios.

6 | CONCLUSION

A numerical investigation is carried out to analyze the powertrain per-

formance and the following points are summarized:

e The peak pressure increases when blending methane, hythane, and
hydrogen with diesel accordingly. This is due to higher flame speed
and better mixture uniformity of hydrogen and methane. Injecting
water slightly reduces the peak pressure.

o Hydrogen and methane can reduce the soot emission due to
no/fewer carbon compared to diesel (5 times lower soot emission
by D50H50). However, the injected water gives heightened soot
since the oxidation rate is reduced.

e The combustion temperature for all fuel compositions peaks at
2500 rpm and the highest temperature of 2840 K is associated
with D50H50. Increasing the nozzle hole diameter results in the
indicated torque drop of up to 50% for D50H50.

e For a fixed nozzle opening area, increasing the number of the hole
is not recommended. The highest IT with one nozzle hole is for
D50H50 (57.25 N m), with 6 nozzle holes, and the lowest torque
occurs with D50H50 (34.13 N m).

e The amount of entropy significantly increased for D50H50 and
D50Hy50 compared to D100 since methane and hydrogen both
produce a high rate of thermal energy that dissipates through

chamber walls into the environment.
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