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� Effect of adding hydrogen to a CNG fuel on performance and exhaust emissions.

� Hydrogen addition is beneficial for converting the fuel’s chemical energy into power.

� Engine performance increased with a higher fraction of 30% in HCNG mixtures in comparison to Pure Diesel and CNG.

� NOx emission increased with increase of hydrogen in HCNG but HC, and Soot emissions decreased.
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Diesel engines are the most commonly used internal-combustion engines. Due to incom-

plete combustion of fossil fuels, engine performance and emissions output are unsuitable.

On the other hand Emissions of greenhouse gases using fossil fuels in internal-combustion

engines are considered to be the main cause of climate change. Thus to find an alternative

fuel to eliminate or reduce CO2 and exhaust emissions is an urgent concern worldwide.

Superabundant and readily available, makes hydrogen an attractive alternative to fossil

fuels. In this study, a 3-cylinder turbocharged diesel engine is converted into CNG direct-

injection engine and then hydrogen as a fuel enrichment added to CNG. AVL Fire™ Soft-

ware is used to simulate the engine at different engine speeds, injection pressure, and Air/

Fuel ratios. The results confirm that adding hydrogen to CNG improves brake thermal ef-

ficiency and engine brake power, reduces brake specific fuel consumption as well as the

diminution in HC and Soot but also increases the NOx.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Following the 1970s Arab oil embargo against the west,

rendering a sharp increase in oil prices, fuel consumption
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Nomenclature

A/F Air/Fuel

ATDC After top dead center

BP British petroleum

BSEC Brake specific energy consumption

BMEP Brake mean effective pressure

BTDC Before top dead center

CA Crank angle

CFD Computational fluid dynamics

CHR Cumulative heat release

CO Carbon dioxide

CAD Crank angle degree

CO2 Carbon monoxide

CNG Compressed natural gas

EGR Exhaust gas recirculation

EGT Exhaust gas temperature

GHG Greenhouse emissions

HC Hydrocarbon

HCNG Hydrogen-CNG

HRR Heat release rate

IC Internal combustion

IMEP Indicated mean effective pressure

LHV Lower heating value

NG Natural gas

RMSE Root mean square error

SSE Sum of squared estimate of errors

SFC Specific fuel consumption

SI Spark ignition

SVM Support vector machine

TBTE Torque brake thermal efficiency

THC Total unburned hydrocarbons

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
becomes a major concern for the transport and automotive

industry. In particular, necessitating more efficient engines

and high-quality fuel, due to strict regulation imposed by

states to meet “the Paris Agreement” objectives further exac-

erbated the need for alternative fuels [1,2]. NGmostly consists

of 98.3% Methane (CH4) and is a premium alternative but ac-

cording to the BP statistical review of world energy 2019, there

are about 196.9 trillion Cubic meters proven NG at the end of

2018 [3,4].

Methane produced less CO2 in comparison to gasoline

(Octane C8H18) and diesel (C12H23) since the ratio of carbon to

Hydrogen is 1e4 compared to 8 to 18, and 12 to 23, hence

natural gas has the least carbonyl emissions among other

(fossil) fuels [5,6]. Anti-knocking property due to higher

amounts of auto-ignition temperature and octane number,

while having high thermal efficiency makes natural gas a

beneficial fuel in terms of engineering application [7,8]. But

also Methane is a greenhouse gas, and its leakage and un-

burned form is harmful [9]. Hydrogen can improve some of the

combustion characteristics and reduce greenhouse emissions

of natural gas [10]. Furthermore, it can be produced from

surrounding resources. But the main disadvantages for

hydrogen (to be used in diesel cycle engines) are high auto-

ignition temperature, long auto-ignition delay, and high rate
Please cite this article as: Zareei J et al., The effect of hydrogen addition
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of the pressure rise. Nevertheless, high diffusivity, high calo-

rific value, flame speed, and short quenching distance are the

main reasons for hydrogen to be blended with various fuels

[11e13].

Extensive researches are working on the effect of hydrogen

addition to other fuels on engine’s efficiency, emissions and

fuel economy. Studying the effect of the compression ratio on

an engine fueled by HCNG blends showed that hydrogen

addition to fuel would increase maximum cylinder pressure.

Also, thermal efficiency improved by increasing the

compression ratio. The inclusion of hydrogen in the blend

reduces CO2 [14] and is an effective method for the reduction

of harmful emissions below the EURO IV standards re-

quirements [15e17]. Engines using hydrogen can be run on

lean mixtures because of the low amount of ignition energy

which hydrogen needs (approximately 0.02mJ) [18,19]. Results

of a comparative study between emissions and performance

between engines with various fuels also including CNG and

HCNG proved that HCNG has a lower amount of all emissions

except NOx than CNG. In addition, a reduction in unregulated

carbonyl emissions (expect for Methanol, Ethanol, Formalde-

hyde, nitrogen dioxide, and Acetaldehyde) and enhancement

in engine’s specific fuel consumption occurs in case of adding

hydrogen to CNG [20,21].

Combustion, vibration and noise analysis of an engine

fueled with hydrogen-diesel investigated by Nag et al. (2019)

[22] and the results showed that in lower engine loads,

knocking tendency decreases and vibrations are quite mod-

erate by hydrogen addition but at high loads knocking, and

vibrations increased, also the addition of hydrogen to diesel

would decrease SFC, CO2, CO, and increases the brake thermal

efficiency [23]. Studying emissions and combustion charac-

teristics of an engine at different NG-H2 blends at various

engine loads resulted in a significant increase in peak pres-

sure, heat release. Hydrogen addition to natural gas is a very

beneficial method for diminishing engine HC, CO, CO2, and

Soot, especially at high engine loads, improving fuel economy

with decreasing BSEC [24e26]. But the amount of NOx

increased by using this blend as the fuel [27e30]. In-

vestigations prove that hydrogen addition to diesel would

have a positive impact on engine power output, mean effec-

tive pressure, also CO and smoke emissions, While because of

the knocking phenomenon Brake Thermal efficiencywould be

limited [31,32]. Hydrogen-diesel dilution by Nitrogen (N2) in a

turbocharged IC Engine with EGR would increase the IMEP,

also an effective method for NOx reduction. Furthermore, by a

high fuel-air equivalence ratio, HC and CO decrease signifi-

cantly. Also, have positive effects on the engine knock and

provide a better thermal efficiency [33,34]. Instead of just

using the fresh air in the combustion chamber, mixing

hydrogen with fresh air in (intake) manifold and the chemical

reaction between the mixture and diesel, as injected fuel it

would increase the amount of TBTE and reduce SFC, HC, CO,

and CO2. In this condition, the amounts of NOx would in-

crease, but if the engine is equipped with EGR this emission

can be reduced significantly [35,36]. In addition to passenger

cars, hydrogen can be used as an alternative fuel in themarine

industry Based on researches accomplished by Deniz, Zincir

(2015), merchant ships can use hydrogen as an alternative

fuel, which shows better characteristics in comparison to LNG
to compressed natural gas on performance and emissions of a DI
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Fig. 1 e Schematic of the geometry of a CNGDI engine.
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fuel as well as simpler fuel supply system components and

rendering the least investment costs [37]. Performances of a

heavy-duty engine with HCNG fuel (with 18% of hydrogen

content), were investigated and as the results showed, due to

the great effect of H2 on fuel spray combustion, hydrogen

addition to CNG would enhance the engine performance in

vehicles and also better engine power achieved. The effect of

hydrogen addition is positive on the reduction of THC, CH4,

and CO but also negative for the increasing amount of NOx,

which can be reduced by using effective pre-intake, in-cylin-

der, and post-combustion control strategies [38e40]. Also in

similar researches for SI engines using HCNG as the fuel, ef-

fect of ignition timing on an engine with HCNG fuel shows

that if the time interval between the end of fuel injection and

the ignition start decreases, the BMEP and effective thermal

efficiency would be increased. In a specific ignition timing

adding hydrogen to CNG would decrease the combustion

duration, also with optimal spark timing and EGR rate a

reduction in NOx occurs without negative effects on HC and

CO, further improvement in combustion acceleration by

adding hydrogen to CNG indicated fewer spark timing ad-

vances needed for efficiency enhancement [41,42]. In HCNG

fueled engines, retardation of ignition timing is a good option

for reducing CO, which can also be decreased by increasing

lambda (Air-fuel mass ratio) and Manifold Absolute Pressure

[43,44]. Also, a study by Rocha et al. concluded that the addi-

tion of hydrogen to biodiesel would increase NOx, due to the

high temperature of hydrogen combustion and decreases CO,

CO2, and HC [45]. Similarly, a study by Kalsi et al. (2017) [46]

shows that using HCNG on a biodiesel fueled engine NOx

emission increased marginally with HCNG however it is still

less than base biodiesel. Parthasarathy et al. (2016) [47] studied

the effect of adding hydrogen to biodiesel-ethanol blend and

the results showed that using the blend with hydrogen would

reduce NOx and CO, Specific energy consumption. But the

peak pressure increased in full load condition, and brake

thermal efficiency improved in comparison to neat diesel.

Also, an investigation on Engine performance and emissions

using bio gas-hydrogen blends on a diesel engine in dual fuel

mode by Deheri et al. (2020) [48] shows a deterioration in HC

and CO, BTE, EGT, and BSFC. Also, amounts of peak cylinder

pressure and HRR increased while NOx and smoke emissions

decreased significantly.

Today, one of the biggest challenges humanity faces is how

to reduce environmental pollution, which has a negative

impact on the lives of living creatures and the climate. One of

the most important causes of these pollutants is the emis-

sions from fuel combustion. The purpose of this paper is to

find an alternative fuel for diesel engines that not only reduces

pollution but also improves engine performance. In this re-

gard, the engine performance and exhaust emissions in a 3-

cylinder four-stroke engine, with changing diesel fuel to

HCNG in different volumetric percentages of hydrogen in the

blend of HCNG studied. Also, the pressure injection, air/fuel

ratio, and the percentage of hydrogen enrichment changed at

different engine speeds. In-cylinder pressure, specific fuel

consumption, brake power, brake thermal efficiency aswell as

regulated gas emissions (Soot, NOx, and HC) were mainly ob-

tained and analyzed by using AVL Fire™ software.
Please cite this article as: Zareei J et al., The effect of hydrogen addition
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Materials and methods

Numerical setup

In another study by Zareei, Rohani (2020) [49], the SVM model

was used to estimate different parameters of an engine fueled

with HCNG, and the optimal amount of hydrogen used in the

blend was between 20 and 30%. In this work, the 3-cylinder

diesel engine simulated by AVL Fire™ software to study the

effect of injection pressure and Air/Fuel ratio and also

hydrogen enrichment to CNG on performance and engine

exhaust emissions. As shown in Fig. 1 typical CNGDI engine

with a single cylinder and two exhaust and intake valves is

used. For the analysis of heat transfer and turbulence char-

acteristics and preparation of fuel mixing for the subsequent

best combustion process, the three places for direct injection

fuel injectors were examined and the best place considered

for in this study. Therefore, the belowmodel is designed using

CATIA software and after sketching the geometry of the

CNGDI engine, the Gambit software used formesh generation.

Fig. 2 shows the final model after grid generation, which is

prepared to be simulated in AVL Fire™.

In this research, a simulation done for HCNG blends with

different fractions of H2 concentration (from 0% to 40%

hydrogen volumetric content in the mixture) and also pure

diesel for a DI engine which its detailed specifications are

shown in Table 2. The AVL CFD solver is based on the Finite

volumemethod, which has the ability to use any unstructured

grids consists of polyhedral calculation volumes, in order to

solve the PEDs in the form of algebraic equations [50,51]. The

numerical methods and the activated submodels in this CFD

simulation are summarized in Table 1.

Model verification

In this work, the simulation of the engine’s performance,

combustion, and emissions for different hydrogen enrich-

ments in the HCNG blend, CNG, and diesel fuel were done by

AVL Fire™ software. But in order to prove that the obtained

results are reliable, validation is necessary. A data validation
to compressed natural gas on performance and emissions of a DI
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Fig. 2 e Schematic view of the computational engine domain.

Table 1 e Activated submodels.

Discretization algorithm Simple/Piso

Turbulent model k-ε model

Combustion model Eddy break up model

NOx mechanism Extended Zeldovich

Soot model Kinetic model

Table 2 e Engine specifications.

Engine Perkins 1103A-33TG1

Number of cylinder 3

Bore and Stroke (mm) 105 � 127

Compression Ratio 17:1

Displacement (L) 3.3

Maximum Power 47kw

Aspiration Turbocharged

Combustion system Indirect injection

Cycle 4 Stroke

Length (cm) 104

Number of nozzle holes 4

Fuel mass 5.2 � 10�6 kg

Nozzle hole diameter 0.0002 m

Start of injection 23� CA BTDC

End of injection 7� CA ATDC
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between simulation results gained from AVL Fire™ and

experimental data (achieved by Bose, Maji, 2009) [52], in en-

gine brake thermal efficiency, compared. The difference be-

tween these two data was in the range of 1.84%e3.64% at 80%

engine load, and for 20% engine load the difference was

approximately between 1.71% and 4.1%. Values of SSE and

RMSE that are two important criteria related to the goodness

of validation are 0.2754 and 0.1856, respectively. Also, a linear

regression between variables (shown in Fig. 3) with R2 ¼ 0.99

indicates a good coefficient of determination between vari-

ables. So it can be concluded that due to the satisfactoriness of

the validated data, the generalization of other engine pa-

rameters captured by the software can be reliable.

In-cylinder flow modeling

Efficiency in IC engines is closely dependent on the quality of

air and fuel mixing. The intensity of swirl and tumble in the
Please cite this article as: Zareei J et al., The effect of hydrogen addition
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cylinder is really important for the optimization of the

mixture and engine efficiency similarly [53]. Continuity and

momentum equations which describe the transient, incom-

pressible, and turbulent flow requires the amount of turbulent

viscosity for being solved. The k-ε model is the most widely

used turbulence model, particularly for industrial computa-

tions. In this study, the k-ε two-equation turbulence model,

which is very applicable in CFD simulations has been used,

because it is numerically robust and has been tested in a broad

variety of flows, including heat transfer, combustion, free

surface and two-phase [54].

In this model, the amount of turbulent kinetic energy and

the dissipation rate achieves from equations (1) and (2)

respectively.

vðrkÞ
vt

þ vðrkuiÞ
vxi

¼ v

vxj

�
mt

sk

vk
vxj

�
þ 2mtEijEij � rε (1)

vðrεÞ
vt

þ vðrεuiÞ
vxi

¼ v

vxj

�
mt

s
ε

vε

vxj

�
þC1ε

ε

k
2mtEijEij � C2εr

ε
2

k
(2)

mt ¼Cmr
k2

ε

(3)

where, k is the turbulent kinetic energy, and ε is the dissipa-

tion rate. r is density, p is pressure, ui is the velocity compo-

nent in the corresponding direction, Eij is component of the

rate of deformation and mt is eddy viscosity. And also sk, sε, Cm,

C1ε and C2ε are the constants which their standard values are:

Cm ¼ 0:09;C1ε ¼ 1:44;C2ε ¼ 1:92; sk ¼ 1;sε ¼ 1:3; sr ¼ 0:9: (4)

As shown in eqn. (3), the turbulent viscosity can be calcu-

lated by having the amounts of variables k and ε. Conse-

quently, the continuity and momentum equations can be

solved to define flow behavior.

Pollutant formation models

In a study by Rao A et al. (2010) [55], 3 different NOx prediction

models were investigated and compared to each other. In this

simulation, the reaction mechanism was expressed in terms

of the extended Zeldovich mechanism. This mechanism

considers 3 forward and backward reactions (shown in Eqs.

(5)e(7)) of nitrogen oxides formation [56,57]. The reaction

mechanism is known as the extended Zeldovich mechanism

that considers the effect of oxygen, nitrogen, and hydrogen
to compressed natural gas on performance and emissions of a DI
n Energy, https://doi.org/10.1016/j.ijhydene.2020.09.027



Fig. 3 e The validation of simulation data.

Table 3 e Energy and Mass Composition of the H2-CNG
blend [59].

0%
HCNG

10%
HCNG

20%
HCNG

30%
HCNG

40%
HCNG

H2 (% Mass) 0 1.21 2.69 4.52 6.72

H2 (% energy) 0 3.09 6.68 10.49 15.59

LHV(MJ/kg) 46.28 47.17 48.26 49.61 51.41

LHV stoich. mixture

(MJ/NM3)

3.376 3.359 3.353 3.349 3.344

CNG mass (mg) 5.2 5.13708 5.06012 4.96496 4.855

Hydrogen mass (mg) 0 0.06292 0.13988 0.23504 0.345
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radicals on NO formation. Also, 10% as the EGR mass fraction

applied in the initial condition of the CFD simulation, to

reduce the combustion temperature and consequently, the

amount of NOx emitted from the engine.

OþN2 4
k1

k�1

NOþN (5)
Fig. 4 e Variation of cylinder pressure with the crank angle at d

condition.
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NþO2 4
k2

k�2

NOþ O (6)

NþOH4
k3

k�3

NOþ H (7)

The net rate of NO formation is determined by the forma-

tion rate of NO from the three-step extended Zeldovich

mechanism as below [58]:

dðNOÞ
dt

½NO� ¼ k1½O�½N2� � k�1½NO�½N� þ k2½N�½O2� � k�2½NO�½O�
þ k3½N�½OH� � k�3½NO�½H� (8)

here, k1, k2, and k3 are the reaction rate constants for the for-

ward reactions and k-1, k-2 and k-3 are for the reverse reactions.

Also, for calculating the amount of soot produced during

the combustion of fuel, the Kinetic Soot Model used, which its

basis is a detailed chemical reaction scheme for the calcula-

tion of soot formation and oxidation for different fuel classes.
ifferent hydrogen enrichment mixture percent at full load

to compressed natural gas on performance and emissions of a DI
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Fig. 5 e Variation of Maximum cylinder pressure with injection pressures at different hydrogen enrichments and full load

condition.

Fig. 6 e The amount of brake power with various A/F ratios and injection pressures.
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Chemical reaction

The Chemical reaction of diesel, methane, and hydrogen with

air in the stoichiometric condition is shown in Eqs. (9)e(11). As

shown hydrogen would not produce CO2, Thereforemethane-

hydrogenmixture produces less CO2, whichmakes it a cleaner

fuel than diesel. The overall chemical of the HCNG blend with

different hydrogen volumetric concentrations is presented in

Table 3.

4C12H23 þ 71O2/48CO2 þ 46H2O (9)

CH4 þ 2ðO2 þ 3:76N2Þ/CO2 þ 2H2Oþ 2� 3:76N2 (10)

H2 þ 0:5ðO2 þ 3:76N2Þ/H2Oþ 0:5� 3:76N2 (11)

Combustion modeling

AVL Fire™ can simulate all kinds of premixed, partially pre-

mixed, and non-premixed combustion. In this research, the

non-premixed combustion of Hydrogen-CNG blend with the

intake air simulated with the Eddy break-up combustion

model, this model is based on the assumption that the mean
Fig. 7 e The amount of brake thermal efficiency w

Please cite this article as: Zareei J et al., The effect of hydrogen addition
diesel engine by a numerical study, International Journal of Hydroge
turbulent reaction rate is determined by the intermixing of

cold reactants with hot combustion products. In this model,

the rate of combustion is determined by the rate of inter-

mixing on a molecular scale of eddies containing reactants

and those containing hot products [60].
Results and discussion

The simulation results of Combustion characteristics, effi-

ciency, and emissions for fuel with different hydrogen-CNG

mixtures (0%, 10%, 20%, 30%, and 40% of hydrogen content

in total HCNG) and also with pure diesel, at different engine

speeds are shown in sub-sections below.

Cylinder pressure

Generally adding hydrogen to CNG will improve the engine’s

performance parameters. Fig. 4 shows the amount of cylinder

pressure at two constant engine speeds with various HCNG

blends and 40:1 of A/F ratio, as observed from the results from

the simulation, by increasing the percentage of hydrogen in

HCNG mixture the amount of cylinder pressure enhanced in
ith various A/F ratios and injection pressures.

to compressed natural gas on performance and emissions of a DI
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comparison to pure diesel and CNG because of its early start of

combustion, which causes a large amount of fuel burned in

the combustion phase.

Comparing amounts of maximum cylinder pressure in

different HCNG blends versus pure diesel at 1200 and

2400 rpm in various injection pressures and A/F ratios, it is

inferred that higher values of Maximum cylinder pressure can

be reached by increasing the amount of hydrogen content in

HCNG (Fig. 5). By usingHCNGwith 30% of hydrogen content, in

comparison to pure diesel, maximum cylinder pressurewould

be increased up to 5.94 bar and 9.91 bar at 1200 and 2400 rpm,

respectively.

Engine brake power

As shown in Fig. 6 Engine brake power has been investigated

with pure diesel, and different HCNG blends at two constant
Fig. 9 e The amount of specific fuel consum

Fig. 8 e The amount of specific fuel consumption at

different engine speeds.

Please cite this article as: Zareei J et al., The effect of hydrogen addition
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engine speeds (1200 and 2400 rpm), once with various A/F

ratios and once with various injection pressures (with A/F

ratio of 40:1). In comparison to pure diesel and CNG, brake

power can be enhanced by increasing hydrogen concentration

in the HCNG blend, along with higher injection pressure. Re-

sults show that in comparison to pure diesel, by blending 40%

hydrogen with CNG, brake power would be increased up to

8.3 kW and 10.01 kW at 1200 and 2400 rpm, respectively.

Engine brake thermal efficiency

In this research, the amount of Brake thermal efficiency for

HCNG with different contents of hydrogen and also for pure

diesel compared to each other in different A/F ratios and in-

jection pressures (with A/F ratio of 40:1) at two constant en-

gine speeds (1200 and 2400 rpm). The results show that in

comparison to pure diesel and CNG, brake thermal efficiency

improved by increasing hydrogen concentration in the HCNG

blend, due to a better homogenousmixture between hydrogen

and air (because of hydrogen’s higher diffusivity). Based on

obtained data, by using HCNG blend with 40% hydrogen in

comparison to pure diesel, brake thermal efficiency would be

increased up to 14.85% and 8.44% at 1200 and 2400 rpm,

respectively (Fig. 7). Also, a higher compression ratio using

hydrogen blended fuel is another reason for higher thermal

efficiency in comparison to fossil fuels.

Engine specific fuel consumption

In comparison to pure diesel and CNG without hydrogen

addition, the amount of brake specific fuel consumption de-

creases by adding hydrogen to CNG. Fig. 8 shows the amount

of brake specific fuel consumption in various engine speeds.

Due to hydrogen’s higher calorific value, the more hydrogen

concentration increases, the less fuel consumption occurs.

Using HCNG with 30% of hydrogen instead of pure diesel

would reduce specific fuel consumption by up to 38 g/kW.h

and 10 g/kW.h at 1200 and 2400 rpm, respectively.

Fig. 9 shows the relation between injection pressure (with

A/F ratio of 40:1) and brake specific fuel consumption. As
ption with various injection pressures.

to compressed natural gas on performance and emissions of a DI
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Fig. 10 e The amount of engine HC, Soot, and NOx

emissions in various engine speeds.
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shown, in higher injection pressures the amount of brake

specific fuel consumption becomes less.

Engine output emissions

In this job, the amounts of HC, Soot, and NOx emissions of the

3-cylinder turbochargedDI enginewere captured. As shown in

Fig. 10 the effect of hydrogen addition to CNG has been

compared to diesel and CNG in various engine speeds. It in-

dicates the fact that chemical properties of H2 such as high

diffusivity, high ignition temperature, also higher burning

velocity, in comparison to other hydrocarbon fuels would

decrease the HC and Soot, released from the engine but in-

creases the oxides of nitrogen produced from the combustion

process.

Engine HC emission
HC, which produces due to amounts of fuel that cannot be

burnt completely, is higher in diesel than HCNG engines. The

main reasons are the higher combustion temperature, which

results in complete combustion, wider flammability, and

higher calorific value of hydrogen. As shown in Fig. 10 when

the engine speed increases, the amounts of unburned hy-

drocarbons become less. The least value among all tested

fuels belongs to HCNG with 40% hydrogen content, which

averagely decreases HC up to 41.95% in comparison to pure

diesel and 8.15% compared to CNGwithout hydrogen content.

In this job also, HC emission calculated at two constant engine

speeds (1200 and 2400 rpm) in various injection pressures

(with A/F ratio of 40:1) and as the results showed in Fig. 11,

indicates that in higher injection pressures the less amount of

HC produced.

Engine soot emission
Soot is one of the most effective emissions in air pollution, it

also causes serious health issues due to its toxic materials. The

amount of Soot in neutral gas fuel and its blendswith hydrogen

is significantly lower than thepurediesel. Indiesel fuel, because

of lower self-ignition temperature and high cetanenumber, the

ignition delay is less than HCNG. Hence there would not be

enough time for the fuel to form a uniform mixture which re-

sults in higher amounts of Soot. HCNG with 40% content of

hydrogen is the cleanest fuel which approximately decreases

soot up to 73.24% in comparison to pure diesel and 7.09%

compared to CNG. The calculation at two constant engine

speeds (1200 and 2400 rpm) and various injection pressures

(with A/F ratio of 40:1), it can be proved that in higher injection

pressure, shows that the amount of Soot released from the

engine becomes less in all tested fuels (Fig. 11).

Engine NOx emission
Oxides of nitrogen may be the most issue for CNG and HCNG

fuels in comparison to Diesel. Although CNG fuels enriched by

hydrogen reduce many of the carbonyl emissions, as

mentioned before, due to rising in the combustion tempera-

ture, it increases NOx emission of the engine. By adding
Please cite this article as: Zareei J et al., The effect of hydrogen addition
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hydrogen to CNG, the amount of NOx averagely increased up

to 16.25% compared to diesel and 9.95% compared to CNG.

Fig. 11 shows the relation between injection pressure (with A/

F ratio of 40:1) and NOx, as shown, it can be understood that

despite other emissions, injection pressure has a negative

relation with NOx released from the engine and in higher in-

jection pressures, more amount of NOx produced.
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Fig. 11 e The amount of engine HC, Soot, and NOx emissions with various injection pressures.
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Conclusions

This study investigates the effect of hydrogen addition to

compressed natural gas on the performance and emissions of

a DI diesel engine. AVL Fire™ software is used to simulate the

engine at different engine Speeds, injection pressure, and Air/

Fuel ratios. The main conclusions are listed below.
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Results calculated for brake power indicates that at a fuel

injection pressure of 800 bar and the Air/Fuel ratio of 40:1,

were the optimal values for achieving the highest value of

brake power.

40% HCNG was the most suitable fuel for getting the

highest brake power among other HCNG blends and pure

diesel, which improved brake power 28.07% at 1200 rpm and

21.83 at 2400 rpm.
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Brake thermal efficiency was similar between 40% and 30%

of hydrogen in the HCNG blend, and at the Air/Fuel ratio 40:1

with the injection pressure of 800 bar, the maximum brake

thermal efficiency occurred which improved by 6.04% at

1200 rpm and 6.73% at 2400 rpm.

Cylinder pressure also was investigated at engine full load

condition, and results showed that the optimal Fuel was the

Hydrogen-CNG blendwith 30% of hydrogen content. Also, this

ratio of HCNG can improve the amount of cylinder pressure up

to 10% in comparison to pure diesel.

Comparing maximum cylinder pressure between different

fuels and different injection pressures with the Air/Fuel ratio

of 40:1 at engine full load condition, proves that the highest

value for maximum cylinder pressure belongs to 30% HCNG

with the injection pressure of 800 bar. And it would be

increased up to 7.46% and 11.2% at 1200 and 2400 rpm,

respectively.

In comparison to other fuels, the case with 30% hydrogen

content and 800 bar injection pressure had the least amount of

engine brake specific fuel consumption. Using HCNGwith 30%

of hydrogen instead of pure diesel would reduce specific fuel

consumption by up to 14.13% at 1200 rpm and 4.57% at

2400 rpm.

In this case, the results of the study showed that 40%HCNG

has the least amount of HC and Soot. Also, the optimal in-

jection pressure for getting the least HC and Soot emissions

achieved the injection pressure of 800 bar.

However using hydrogen-CNG blend improved engine’s

combustion and efficiency also reduced HC and Soot emis-

sions, it had a negative impact on the amount of NOx released

from the engine which can be reduced either by after-

treatment equipment, like catalyst converters, or higher

rates of EGR.
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