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The impact of equivalence ratio on performance
and emissions of a hydrogen-diesel dual fuel
engine with cooled exhaust gas recirculation

Migdam Tarig Chaichan

Abstract — The employment of hydrogen as a fuel in a diesel engine or dual fuel engine researched since mid 70’s of the last century. As an alter-
native fuel, many researchers suggested hydrogen for two aspects: fuel economy and emission.

In this study, the influence of cooled EGR on the engine performance and emissions of 4-cylinder duel fuel engine fueled with hydrogen and diesel
investigated. The effect of the air-fuel ratio (AFR) at constant engine speed (1500rpm) and optimum injection timing is presented.

The acquired results show that the engine performance and emissions strongly influenced by air fuel ratio and optimum injection timing. Also, using
cooled EGR has a significant effect on performance and emissions. The results indicate a trade-off between hydrogen and EGR addition. Adding hy-
drogen increased NOx concentrations and reduced PM, while adding cooled EGR reduced NOx and increased PM concentrations. The resulted

NOx and PM concentrations were the product of these two parameters.

Index Terms— Direct injection engine, Injection timing, Engine performance, Air fuel ratio, Hydrogen fuel, dual fuel, cooled EGR, NOx, PM.

1 INTRODUCTION

Both nitrogen oxide and smoke cannot be reduced simulta-

neously in diesel engines. This problem studied intensively
for years. Using gaseous fuel was one of the solutions. The
suggested procedure was to introduce gaseous fuel in the in-
take port, and the combustion starts by injecting light oil. This
method is called dual fuel engine [1].

Most research in dual fuel engine has concentrated on de-
fining the extent of dual fueling and its effect on emissions
and performance [2], [3]. Natural gas in combination with di-
esel was tested and found to be very effective in NOx reduc-
tion. However, the engine operation suffered from high hy-
drocarbons (HC) emissions and poor performance, especially
at high loads [4], [5].

Experimental investigation of an LPG-diesel dual fuel en-
gine by [6], [7] illustrated that the brake thermal efficiency is
always lower than diesel values at low loads, but it is better at
high loads. Also, increasing the pilot quantity and intake tem-
perature at low outputs improves the thermal efficiency. The
HC and CO concentrations increased in the dual fuel mode
operation.

A long history of studies investigated using hydrogen as a
fuel for automotive internal combustion engines in academic
and industry circles. Hydrogen distinguishes by its wide
flammability limits compared to gasoline [8], [9]. Thus, the
engines fueled with hydrogen can operate under extremely
high levels of dilution (either ultra-lean or with high levels of
EGR) - resulting in high efficiency and low emissions [10].
Table 1 illustrates diesel fuel, and hydrogen properties.

The effect of hydrogen addition on engine performance
and emissions has been researched extensively [11], [12]. The
engine performance was reported to increase slightly with the
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hydrogen addition at high load. Hydrogen greatly reduces
emission levels but with reduced power [13]. In other hand,
when hydrogen accompanied with diesel in dual fuel mode,
the engine emits low NOx, CO and particulate matter emis-
sion levels while increasing engine efficiency by 13-16% [14],
[15].
TABLE 1
PROPERTIES OF DIESEL AND HYDROGEN [12], [22]

Properties Diesel Hydrogen

Formula Cn H1.8n Ho
C8-C20

Auto ignition temperature (K) 533 858
Lower heating value MJ/kg) 42.5 119.93
Density (kg/md) 833-881 0.08
Molecular weight (g/mole) 170 2.016
Flammability limits in air (vol %) 0.7-5 4-75
Flame velocity (m/s) 0.3 2.65-3.25
Boiling point (K) 453-653 20.2
Cetane number 40-60 -
Octane number 30 130
Mass diffusivity inair ~ (cm?/s) - 0.61
Min. ignition energy (m]) - 0.02
CO; emission percent (%) 13.4 0

Previous investigations in dual-fuel combustion show that
hydrogen enriched engines the achievement in fuel economy
reached between 7% and 10% [16], [17]. However, a trade-off
between improving fuel economy and managing nitric oxides
(NOx) emissions exists in compression ignition engines [18].

EGR is used to reduce the large heat difference between
peak pressure and intake pressure [19]. Adding EGR to the
intake increases its temperature and certainly assists in the
mixtures auto-ignition. EGR addition increases the engine
brake thermal efficiency (BTE), and reduces the NOx forma-
tion as well [20]. Furthermore, EGR reduces the peak in-
cylinder pressure that results in enhancing the fuel auto-
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ignition. EGR employment in a diesel engine resulted in 1.1%
enhancement in engine efficiency. It advanced the auto-
ignition by 10° CA and reduced the heat release rate by 11 %
compared to diesel fuel [21], [22].

The utilization of thermal dilution techniques such as
cooled exhaust gas recirculation (EGR) lessens the tempera-
ture of combustion, cools the hot spots [23], [24]. Cooled ex-
haust gas recirculation (EGR) is a common way to control in-
cylinder NOx production and nowadays the most modern
high-speed direct injection (HSDI) diesel engines using this
technique. However, the variable impacts of EGR on combus-
tion and emitted emissions are difficult to distinguish. It in-
creases the intake temperature, delays the rate of heat release,
and decrease the peak heat release. Also, it decreases the oxy-
gen concentration (and thus of global air/fuel ratio (AFR)) and
flame temperature). Thus the effects of EGR on NOx and par-
ticulate matter (PM) concentrations are not perfectly unders-
tood, especially under high EGR rates [25], [26].

In the present study, experiments were conducted on hy-
drogen-diesel dual fuel direct injection four cylinders engine
using cooled EGR. The engine operated at variable speed, va-
riable injection timing, and variable load conditions. The
amount of primary fuel, i.e. diesel admitted was varied, and
hydrogen substituted for each load. The objective was to de-
termine in detail the performance, emissions and combustion
characteristics of the engine.

2 EXPERMINTAL SETUP

2.1 Used Fuels

The diesel fuel used throughout testing was conventional
Iraqi diesel supplied by Al-Doura Refinery. Iraqi diesel fuel
contains at least about 10000 ppm sulfur particles that are very
high [25]. Reducing sulfur levels to 30 ppm or less are neces-
sary to achieve a particle trapping efficiency of 73 percent or
higher in particulate filters [27]. Both sulfur reduction and
aromatic saturation take place in hydrotreating units [28]. Hy-
drogen is necessary to accomplish the corresponding chemical
reactions; therefore, hydrogen can be considered as an enabl-
ing agent to produce ultra-low sulfur diesel fuel that causes
PM emissions reductions that are realized by particle filters
[29]. The used hydrogen supplied in compressed gas cylinders
provided by General Company for Vegetable Oils. The hydro-
gen was of research grade, meaning that the company certified
the hydrogen purity at 99.99%.

2.2 Test Engine and Accessories
The engine used in this research was 4-cylinders, water cooled
and direct injection diesel Fiat engine. The engine specifica-
tions listed in Table 2. A hydraulic dynamometer connected to
the engine was used to control the speed and load put on the
engine. A rotary air flow meter is used to measure the air flow
entering the engine. A fuel mass flow meter was used to
measure the precise mass of fuel supplied to the engine. The
meter determines the mass of fuel supplied to the engine over
a set length of time. Exhaust gas temperatures were recorded
using many Standard K-type thermocouples.

In the present work, the exhaust gas was recirculated ex-
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ternally by using pipes to route it to the intake system. The
EGR ratio is the ratio of the amount of EGR to the charge as-
pired into an engine cylinder. In this study, the EGR ratio was
calculated with the following equation:

EGR = (mggr )/ (Mg + Mggr ) @)

Where: 1y - is the mass flow rate of EGR air, and ;. - is
the mass flow rate of fresh air.

TABLE 2
TESTED ENGINE SPECIFICATIONS

Engine type 4cyl., 4-stroke

Engine model TD 313 Diesel engine rig

Combustion type DI, water cooled, natural aspirated

Displacement 3.666 L
Valve per cylinder two

Bore 100 mm
Stroke 110 mm
Compression ratio 17

Fuel injection pump Unit pump

26 mm diameter plunger
Fuel injection nozzle Hole nozzle
10 nozzle holes
Nozzle hole dia. (0.48mm)
Spray angle= 1600
Nozzle opening pressure=40 Mpa

The flow EGR rate must defined exactly to enable the cal-
culation of EGR ratios correctly. However, this is very difficult
because of the high temperature and contamination by ash,
soot, and unburned hydrocarbon. The recirculated exhaust gas
was allowed to pass through a heat exchanger to reduce its
temperature to 50°C, city water used as the cooling fluid.

Hydrogen fueling system consisted of the high-pressure
regulator on the gaseous hydrogen high-pressure vessel. The
gas was fed to the engine through a choked nozzles assembly
that performed as a flame arrester, besides to its primary serve
as hydrogen flow measuring device. It was used to ensure the
safety of the laboratory and the operator. The Hydrogen sup-
plied at room temperature and ambient pressure so as to
avoid a temperature or pressure gradient between the hydro-
gen and the intake air as they mixed. The hydrogen intro-
duced to the engine immediately below the air filter to enable
sufficient mixing of the air and hydrogen prior to entering the
inlet manifold. Therefore, discrepancies in the supplied quan-
tity of hydrogen to each cylinder were eliminated that resulted
in a stable running of the engine. The introduced Hydrogen
measured as a percentage of the intake air volume. A simple
and low-cost air-hydrogen mixer device designed, fabricated,
and used to mix hydrogen with the inlet air.

A hydrogen vessel was employed to supply the engine
with hydrogen fuel. The hydrogen bottle was located outside
the engine test cell, secured in a trolley. This texture was im-
portant as the operator needed to have control over the hy-
drogen supply at all times - to make adjustments or shut off if
necessary. The hydrogen was controlled manually, using a
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regulator valve mounted on the pressure vessel. From the
valve, the hydrogen flowed through a %4” copper line to the
nozzle, which injected the nozzle directly into the air intake
stream in the inlet manifold.

The Multi-gas mode 4880 emissions analyzer was used to
measure the concentration of nitrogen oxide (NOx). The ana-
lyzer detects the contents of CO,, CO, HC, and O,. A probe is
used to pick up the gasses from the engine exhaust pipe. The
exhaust gasses separated from the contained moisture by con-
densation and separation filter, and then they are conveyed in
the measuring cell.

A precision sound level meter used to measure the overall
sound pressure. The meter supplied with microphone type
4615 Italy made. A standard calibrator type pisto phone 4220
calibrated the noise level meter. It measures overall sound
pressure in disciple units (dP).

In this study, no direct measurements of PM size were at-
tempted due to a lack of suitable equipment. However, a se-
lection of particulate matter samples was obtained by expos-
ing filter material to a diesel exhaust stream at the end of tail-
pipe dilution point. The emitted PMs collected by using low
volume air sampler; type Sniffer L-30. Whatmann-glass micro-
filters used to collect the PMs; they were weighted before the
sampling operation and after its end. The sampling operations
extend for one hour. The equation determined the PMs’
concentrations:

PM in (ug/m*3 = (w; — w, /V, ) x (10)"6 @)

Where: PM = particulate matters concentration in (ng/m?3).
w1 = filter weight before sampling operation in (g).
w3 = filter weight after sampling operation in (g).
V. = drawn air total volume (m?)

The equation can find Vi

V, = Q.t ®)

Where:

Qt= air flow rate (elementary and final) through the device
(m3/sec).
t = sampling period (min).

Each filter preserved temporarily in a plastic bag until fi-
nishing the collecting samples operation, analyzing and study-
ing the results using a light microscope.

Safety Features

Safety is one the major concerns when a large quantity of
hydrogen used in a closed medium. Many research articles
identified the following safety concerns associated with hy-
drogen application in the engine research laboratory:

(1) The leakage of H» into engine laboratory;

(2) Better ventilation to eliminate the accumulation of hydro-
gen in the laboratory especially the ceiling area;

(3) Preventing the occurrence of backfire and relief of pres-
sure;

(4) Shut down of H; fuel system in case of emergency and

(5) The avoidance of over-dosing of H» flow, which may result
in abnormal combustion such as backfire and the onset of
knock.

In this research, the following safety approaches were de-
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veloped and implemented during the tests:

Leakage Test

Detailed leakage test was conducted using soap bubbles
approach, before and during the testing period. Also, leakage
test was carried out for connectors and high-pressure hydro-
gen line after the switching of hydrogen tanks.

Better Ventilation

The hydrogen fuel cylinder installed in a shed outside the
laboratory and open to atmosphere. Any hydrogen leaked
from this system would ventilate into the air without accumu-
lation around the hydrogen fuel system. The ventilation of the
laboratory was maintained by turning on the ceiling ventila-
tion fan in the lab prior to the start of testing. The ceiling fan
was kept running for at least 30 minutes after the finishing of
the test.

Purging of the H> Fuel System with Pure N> after Each
Test: After all tests had been finished, the hydrogen system
from the mass flow controller to the H» regulator was purged
and filled with pressurized gaseous N,. Such purging was
necessary to eliminate the potential H» leaking source when
the engine was not running. The pressurization of the fuel
system with N was also considered as a safety procedure to
remove the possibility of air entering the H» fuel system.

Elimination of Backfire Damage

The damage of backfire was eliminated through the im-
plementation of the following approaches: The relief of the
high pressure established in the intake system once backfire
occurs. A pressure relief valve installed between the intake
manifold and flame arrestor. The relief valve would blow off
once the intake manifold pressure reached 50 psi for any reason.
This value was demonstrated to be effective in eliminating the
backfire hazards. During this research, the backfire occurred
two times without causing any damage to the intake system or
blowing off the pressure relief valve. To minimize the amount
of Hy-air mixture burned by backfire: the choked nozzles as-
sembly was installed in the intake system and acts as flame
arrestor and used to quench the flame initiated by a backfire.

2.3 Test Procedure

The ultimate aim of this investigation was to determine the
advantages in engine performance and emissions by using
combined hydrogen and diesel fuel. Since, as has been shown
by many articles, the carbon monoxide emissions, and filter
smoke number always decrease with hydrogen addition. The
injection strategy used in this study relied on operating the
engine at the optimum injection timing.

The engine started on diesel fuel and allowed to settle at a
steady speed without load. The hydrogen supply pressure
increased to the correct setting. As the hydrogen flow rate was
increased, the speed of the engine also increased, so the flow
rate of the intake air was increased to maintain a constant in-
take pressure. Once the engine was running steadily on the
correct settings NOx, CO, CO,, HC and noise were measured.
Also, the Sniffer L-3 was exposed to exhaust gas for an hour.
The filters weighted before and after the end of the sampling
operation, and PM concentrations were determined.

Variable types of test carried out during this investigation.
In the first set, the engine run at speed (1500 rpm) on diesel

IJSER © 2015
http://www.ijser.org


http://www.ijser.org/�

fuel alone, then with hydrogen and diesel fuel, lastly cooled
EGR added to the engine suction manifold. Optimum injection
timing (OIT) and full load used for each tested point. The en-
gine performance was studied in details, using supplementary
hydrogen to diesel fuel with cooled EGR, to find the impact of
engine speed, equivalence ratio, and injection timing on the
engine performance.

The equivalence ratio which was determined from the
measured air and fuel flow rates to the engine, defined as:

(D __ stoichiometric fuel /air ratio

actual fuel /air ratio (4)
The engine performance parameters calculated using the
following equations:
Brake power

2mN*T
bp =
60+1000

kw ®)
Brake mean effective pressure

bmep = bp X

2%60
— kN/m? ©)

Vsn *
Fuel mass flow rate

e = Vf><10_6 P
f 1000

K8/ e @)

time
Air mass flow rate

. _ 12/h, %085 kg
My act. = 3600 X Pair ; (8)

kg

My, = Von X 22 X Pair o ©)
Brake specific fuel consumption

bsfc = m; /bp X 3600 kg/(kW.hr) (10)
Total fuel heat

Q, =ty X LCV kW (11)
Brake thermal efficiency

Nem) = bp/Qy X100 % (12)

3 RESULTS AND DISCUSSIONS

Fig 1 represents the effect of adding hydrogen and EGR on
resulted brake power (bp) for a broad range of equivalence
ratios. The brake power used as an effective comparison tool
to measure engine performance and the produced power out-
put over the full engine speed range. The figure illustrates the
advantage of regulating the power with the air-fuel ratio. Hy-
drogen addition increased bp by about 30.72% due to its high
burning velocity that improved combustion. Also, it increased
the range of working equivalence ratios due to its wide flam-
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mability limits. Adding EGR to hydrogen-diesel duel fuel
caused 8.04% reduction in bp compared to diesel. EGR took a
part of the inner air and reduced combustion temperatures.

20 CR=17.7:1, OIT, 1500 rpm
60 @ Diesel
W20% hydrogen + Diesel

i 50 1596 EGR+ Dual Fuel
p

4
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o
Q30
£
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m
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0
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Equivalence ratio

Fig. 1. The effect of hydrogen and cooled EGR addition on brake
power for wide range of equivalence ratios

Fig. 2 shows the effect of adding hydrogen and EGR on
brake specific fuel consumption (bsfc). Hydrogen extended the
ultra lean limit equivalence ratio but at this limit bsfc in-
creased. At this limit, the mixture combustion deteriorated
because of small fuel quantity compared to air that produces
low heating values. Adding EGR increased bsfc at very lean
limits, but at the range of equivalence ratios that give the max-
imum bp it approached near diesel values. BSFC increased by
about 25.85% with hydrogen addition, while it rose by 64.85%
with adding EGR to duel fuel compared to diesel.

CR=17.7:1, OIT, 1500 rpm

(kg/kW. hr)
[ N N w w
(2] o (2] o [$2]

=
o

Brake specific fuel consumption

@ Diesel
5 ®20% hydrogen + Diesel
15% EGR+ Dual Fuel
0
0 0.2 0.4 0.6 0.8

Equivalence ratio

Fig. 2. The effect of hydrogen and cooled EGR addition on brake
specific fuel consumption for wide range of equivalence ratios

Adding hydrogen to diesel reduced exhaust gas tempera-
tures by about 5.44%, while adding cooled EGR to duel fuel
reduced these temperatures by about 19.66%. This what Fig. 3
illustrates. Hydrogen heating value on a volume basis is lower
than that for hydrogen causing this reduction in exhaust gas
temperatures. Cooled EGR duty inside the combustion cham-
ber is to reduce the resulted combustion temperatures. The
results indicate the successes of added EGR in its duty.
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Fig. 4 shows the effect of adding hydrogen to diesel fuel,
and adding EGR to duel fuel on brake thermal efficiency. The
engine brake thermal efficiency (BTE) is the ratio of brake
power output to the power input and depicts the produced
power by an engine with respect to the energy supplied by the
fuel.
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Fig. 3. The effect of hydrogen and cooled EGR addition on ex-
haust aas temperatures for wide ranae of eauivalence ratios

Hydrogen addition effect appears at high equivalence ra-
tios where the higher loads employed. Furthermore, hydrogen
can operate with extremely lean mixtures and still maintain a
relatively high efficiency compared to diesel engines.

CR=17.7:1, OIT, 1500 rpm
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Equivalence ratio
Fig. 4. The effect of hydrogen and cooled EGR addition on brake
thermal efficiencv for wide ranae of eauivalence ratios

The increment in brake thermal efficiency was 21.78% with
hydrogen addition. Szwaja and Grab-Rogalinski [30] found
that the BTE was increased from 30.3% to 32% with 5% hydro-
gen. The lower BTE increment reason in the present study be-
cause the used fuel was Iraqi diesel fuel with high sulfur con-
tent [26]. Another reason is the used diesel fuel had CN=48.6
produced in Al-Doura refinery, Baghdad-Iraq. The cetane
number (CN) expresses the readiness of the fuel to ignite
spontaneously depending on the physical fuel properties
(willing to evaporate). Also, it depends on the fuel chemical
properties (speed of pre-flame reactions). The Cetane Number
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means a shorter ignition delay corresponds to a higher CN.
The proper functioning of the engine needs a sufficiently high
cetane number, greater than the used one [30]. The adding of
cooled EGR reduced this efficiency with 6.76% compared to
diesel fuel. Adding cooled EGR counteracts the effect of hy-
drogen addition. The resultant approaches diesel fuel act.
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Fig. 5. The effect of hydrogen and cooled EGR addition on
volumetric efficiency for wide range of equivalence ratios

Fig. 5 represents the effect of adding hydrogen and EGR on
volumetric efficiency. Hydrogen (which is a very clean fuel
because of the absence of carbon atoms) addition takes a part
of air entering the combustion chamber, and that reduced the
volumetric efficiency about 2.8%. While adding EGR to duel
fuel reduced this efficiency about 6.5%.

35 CR=17.7:1, OIT, 1500 rpm
g 3
825
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S 2
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£ 15 ’
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8 05 ®20% hydrogen + Diesel
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0 0.2 0.4 0.6 0.8
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Fig. 6. The effect of hydrogen and cooled EGR addition on CO
concentrations for wide range of equivalence ratios

Hydrogen addition reduced CO, CO; and unburnt hydro-
carbon due to the increment in hydrogen molecules compared
with carbon ones, also because of combustion improvement as
a result of hydrogen addition. On the contrary adding EGR as
all researchers approved increases these pollutants, as figures
6, 7 & 8 shows. The results indicate that the effect of hydrogen
overcome EGR influence and the resulted CO reduction was
4.5%, the CO, reduction was 14.82%, and HC reduction was
11.14%.
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Fig. 9 & 10 represented the interaction between NOx and
PM concentration due to hydrogen and cooled EGR addition.
Hydrogen addition opposed EGR addition, the first increased
NOx and reduced PM concentrations. While the second re-
duced NOx and increased PM concentration. The resultant
was the outcome of the interference between these two factors.
For NOx emissions, it seems that cooled EGR effect dominated
while hydrogen influences dominated on the resulting PM
emissions. NOx concentrations compared to diesel fuel were
reduced about 7.46 %, while PM concentration reduced 2.53%.

CR=17.7:1, OIT, 1500 rpm
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Fig. 7. The effect of hydrogen and cooled EGR addition on CO2
concentrations for wide ranae of eauivalence ratios
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Fig. 8. The effect of hydrogen and cooled EGR addition on un-
burnt hydrocarbons concentrations for wide range of
equivalence ratios

Fig. 11 showed the effect of hydrogen and cooled EGR ad-
dition on engine noise for a broad range of equivalence ratios.
The presence of hydrogen inside combustion chamber im-
proves combustion but makes it rough especially at high air-
fuel ratios. Adding EGR decelerates combustion and makes it
smoother in this range. This interference caused engine noise
to reduce with about 3.79%.

4 CONCLUSIONS

Some effects of cooled EGR addition to a dual-fuel hydrogen
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diesel engine performance and emissions studied. An important
conclusion from the work described above is that hydrogen as a
fuel for ICE is rapidly gaining on traditionally fueled engines.
Hydrogen increases the efficiency and it is very clean. Hydrogen
mixed with air induced from the intake port and diesel injected
into the cylinder in a direct injection diesel engine. The perfor-
mance and the exhaust emissions were measured, and their rela-
tions discussed. The main results obtained in this study are as
follows:

450 CR=17.7:1, OIT, 1500 rpm
400
350

300

¢ Diesel
B20% hydrogen + Diesel
15% EGR+ Dual Fuel

250

NOX concentrations (ppm)

200

0 0.2 0.4 0.6 0.8

Equivalence ratio

Fig. 9. The effect of hydrogen and cooled EGR addition on NOx
concentrations for wide range of equivalence ratios

CR=17.7:1, OIT, 1500 rpm
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22 @ Diesel
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B20% hydrogen + Diesel

A15% EGR+ Dual Fuel

PM concentrations (ug/m?)

0 0.2 0.4 0.6 0.8
Equivalence ratio

Fig. 10. The effect of hydrogen and cooled EGR addition on PM
concentrations for wide range of equivalence ratios

1. Hydrogen can employed as a supplementary fuel in a diesel
engine due to its conservation of diesel oil and reduction of
exhaust pollutants. The results indicated clearly that the addi-
tion of diluents (EGR) reduced engine NOx emissions re-
markably.

2. The performance can be improved by using hydrogen in the
dual fuel mode with a significant reduction in emissions.
Hence, the hydrogen fuelled engine can be operated smoothly
in the dual fuel mode by optimizing the injection timing and
duration.
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3. The emissions of HC, CO, and CO; decreased when hydro-
gen added to the inlet air. However, brake thermal efficiency
is slightly higher than that in ordinary diesel combustion.

4. At lean air-fuel ratio conditions, very low-NOx and PM emis-
sions can obtain with cooled EGR accompanied by an increase
in BSFC (that can be higher that 10%). CO, CO., and unburnt
hydrocarbon emissions are at its minimum values.

5. Dilution can be used to increase specific power and control
NOx. EGR extends higher load output over the normal opera-
tion and reduces NOx.

CR=17.7:1, OIT, 1500 rpm

Sound (dB)
=
o

95 @ Diesel
m20% hydrogen + Diesel
15% EGR+ Dual Fuel

0 0.2 0.4 0.6 0.8

Equivalence ratio

Fig. 11. the effect of hydrogen and cooled EGR addition on noise
concentrations for wide range of equivalence ratios

6. An appropriate system designed specifically on the basis of
hydrogen's combustion characteristics and cooled EGR addi-
tion can ensure smooth engine operational characteristics
without any undesirable combustion phenomena. Lower en-
gine noise can achieve.

7. An overall impression is that hydrogen has to be considered a
future alternative CI fuel, because it has low engine-out emis-
sions, which can improved further with emission control. The
employing a modern fuel injection system that is capable of
treating each air fuel ratio with its optimum injection timing
can improve the hydrogen diesel dual fuel mode engine de-
sign.

8. Particles emitted from CI engines controlled with appropriate
diesel particulate filters (DPFs) in the future. If hydrogen is
added to diesel fuel, lower particle emissions from older en-
gines, not equipped with DPFs may be possible. NOx emis-
sions seem to be harder to control. Adding cooled EGR is,
probably capable of achieving low NOx emission levels.

REFERENCES

[1] N.Saravanan and G. Nagarajan, “An Experimental Investigation on Hydro-
gen Fuel Injection in Intake Port and Manifold with Different EGR Rates,”
Energy and Environment, vol. 1, pp. 221-248, 2010.

[2] G.A. Karim, “The Dual Fuel Engine of the Compression Ignition Type - Pros-
pects, Problems and Solutions - A Review,” SAE Paper No. 831073, 1983.

[3] N.Saravanan, G. Nagarajan, G. Sanjay, C. Dhanasekaran and K.M. Kalaisel-
van, “Combustion Analysis on a DI Diesel Engine with Hydrogen in Dual
Fuel Mode,” Fuel, vol. 87, pp. 3591-3599, 2008.

[4] N. Saravanana, G. Nagarajana, C. Dhanasekaranb and K.M. Kalaiselvanb,

944

“Experimental Investigation of Hydrogen Port Fuel Injection in DI Diesel
Engine,” International Journal of Hydrogen Energy, vol. 32, pp. 4071 - 4080,
2007.

[5] R Sierens, S. Verhelst and S. Verstraeten, “EGR and Lean Combustion Strate-
gies for Single Cylinder Hydrogen Fuelled IC Engine,” 10th EAEC European
Automotive Congress, paper number EAEC05YUEN15, 2005.

[6] K. Nakakita, K. Akihama, W. Weissman and ].T. Farrell, “Effect of the Hydro-
carbon Molecular Structure in Diesel Fuel on the In-Cylinder Soot Formation
and Exhaust Emissions,” Int. J. Engine Res., vol. 6, pp. 187-205, 2005.

[7]1 M.T. Chaichan, “Study of Performance of Diesel Engine Fueled with Supple-
mentary LPG to Diesel Fuel,” Journal of Engineering, vol. 17, no. 4, pp. 873-885,
2011.

[8] M.T. Chaichan, “Practical Study of Compression Ratio, Spark Timing and
Equivalence Ratio Effects on SIE Fueled with Hydrogen,” Proceeding to In-
dustrial Applications of Energy Systems, Sohar University, Oman, 2008.

[9] CM. White, RR. Steeper and AE. Lutz, “The Hydrogen Fuelled Internal
Combustion Engine: A Technical Review, International Journal of Hydrogen
Energy, vol. 31, pp. 1292 - 1305, 2006.

[10] M.C. Antunes, R. Mikalsen and A.P. Roskilly, “An Experimental Study of a
Direct Injection Compression Ignition Hydrogen Engine,” Int | Hydrogen
Energy, vol. 34, pp. 6516-6522, 2009.

[11] T. Saito, M. Matsushita, H. Mitsugi and T. Ueda, “Development of Hydrogen
Rotary Engine with Dual-Fuel System,” Paper presented at the Fisita 2006
World Congress, Yokohama, Japan, 2006.

[12] C. Bleechmore and S. Brewst, “Dilution Strategies for Load and NOx Man-
agement in a Hydrogen Fuelled Direct Injection Engine,” SAE ~ Paper No.
2007-01-4097,2007.

[13] D.Ganesh, G. Nagarajan and M.M. Ibrahim, “Study of Performance, Combus-
tion and Emission Characteristics of Diesel Homogeneous Charge Compres-
sion Ignition (HCCI) Combustion with External Mixture Formation,” Fuel,
vol. 87, pp. 3497-3503, 2008.

[14] P.M. Poonia, A. Ramesh and RR. Gaur, “Experimental Investigation of the
Factors Affecting the Performance of a LPG-Diesel Dual Fuel Engine,” SAE
Paper No. 99-01-1123,1999.

[15] Y.Y. Kim, ].T. Lee and J.A. Caton, “The Development of a Dual-Injection Hy-
drogen-Fueled Engine with High Power and High Efficiency,” ]. Eng. Gas
Turbines and Power, ASME, vol. 128, pp. 203-212, 2006.

[16] H.Li Y.Y.Kimand J.A. Caton, “The Development of a Dual-Injection Hydro-
gen-Fuelled Engine with High Power and High Efficiency,” Journal of Engi-
neering for Gas Turbines and Power, vol. 128, pp. 203-212, 2006.

[17] MS. Kumar, A. Ramesh and B. Nagalingam, “Use of Hydrogen to Enhance
the Performance of a Vegetable Oil-Fuelled Compression Engine,” Inferna-
tional Journal of Hydrogen Energy, vol. 28, pp. 1143-1154, 2003.

[18] M. Sulatisky, S. Hill and B. Lung, “Duel-Fuel Hydrogen Pickup Trucks,”
WHEC 16 / 13-16 June, Lyon France, 2006.

[19] S.Niemi, A. Paanu and MJ. Laurén, Effect of Injection Timing, EGR and EGR
Cooling on the Exhaust Particle Number and Size Distribution of an Off-
road Diesel Engine,” SAE paper No. 2004-01-1988,1988.

[20] D. Ganesh and G. Nagarajan, “Homogeneous Charge Compression Ignition
(HCCI) Combustion of Diesel Fuel with External Mixture Formation,” Ener-
gy, vol. 35, pp. 148-157, 2010.

[21] M.T. Garcia, FJ.E. Aguilar and T.S. Lencero, “Experimental Study of the Per-
formances of a Modified Diesel Engine Operating Inhomogeneous Charge
Compression Ignition (HCCI) Combustion Mode Versus the Original Diesel
Combustion Mode,” Energy, vol. 34, pp. 159-171, 2009.

[22] MM. Rahman, M.K. Mohammed and R.A. Bakar, “Effects of Air Fuel Ratio
and Injection Timing on Performance for Four-Cylinder Direct Injection Hy-
drogen Fueled Engine,” European Journal of Scientific Research, vol. 25, no. 2,
pp- 214-225, 2009.

IJSER © 2015
http://www.ijser.org


http://www.ijser.org/�

[23] S. Verhelst and T. Wallner, “Hydrogen-Fueled Internal Combustion Engines” NOTATIONS
Prog Energy Combust Sci, vol. 35, pp. 490-527, 2009.

[24] A.A. Hairuddin, A.P. Wande and T.F. Yusaf, “Hydrogen and Natural Gas bmep
Comparison in Diesel HCCI Engines-A Review,” Southern Region Engi- BTE
neering Conference 11-12 November, Toowoomba, Australia, 2010. CO2

[25] United Nation Environment Program (UNEP), “Opening the Door to Cleaner Cco
Vehicles in Developing and Transition Countries: The Role of Lower Sulfur CN
Fuels,” Report of the Sulfur Working Group of the Partnership of Clean Fu- Si
els and Vehicles (PCFV), Nairobi, Kenya. 2007. °BTDC

[26] S.Szwaja and K. Grab-Rogalinski, “Hydrogen Combustion in a Compression DI
Ignition Diesel Engine,” Int | Hydrogen Energy, vol. 34, pp. 44134421, 2009. N

[27] S. Chatterjee, R. Conway, S. Viswanathan, M. Blomquist, B. Klusener and S. T
Andersson, “NOx and PM Control From Heavy Duty Diesel Engines Using N
a Combination of Low Pressure EGR and a Continuously Regenerating Di- dB
esel Particulate Filter,” SAE paper No. 2003-01-0048, 2003. ich

[28] G.A.Karim, T. Liu and W. Jones, Exhaust Emissions from Dual Fuel Engines NOXx
at Light Loads, SAE Paper. No. 932822,1993. PM

[29] S. Verhelst, S. Verstraeten and R. Sierens, “Combustion Strategies and NOx Vsn
Emissions for Hydrogen Fuelled IC Engines,” Paper presented at the Fisita UBHC
2006 World Congress, Yokohama, Japan, 2006.

[30] V. Stefaan, S. Roger and V. Sebastian, “ A High Speed Single Cylinder Hydro-
gen Fueled Internal Combustion Engine,” Fisita World Automotive Con-
gress, Barcelona, Spain, 2004.

IJSER © 2015

http://www.ijser.org

945

brake mean effective pressure
brake thermal efficiency

carbon dioxide

carbon monoxide
cetane number
compression ratio
crank angle

degree before top dead centre
direct injection
engine speed (rpm)
engine torque

engine speed (rpm)
decibel

Injection timing
Lower calorific value
nitrogen oxides
particulate matter
swept volume
unburnt hydrocarbon
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