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The Effects of Hydrogen Addition to Diesel
Fuel on the Emitted Particulate Matters

Migdam Tariq Chaichan

Abstract— Particulate matter (PM) makes diesel engine exhaust contributes substantially to ambient air pollution. Many disease infections in the
respiratory and the cardiovascular system are created by PM as proofed by several valuable articles. Particulate matters (PM) emitted from Automotives
and stationary engines threaten the public health because PM carries polyaromatic carcinogenic hydrocarbons (PAHs). Several kinds of alternative fuels
have been adopted and tested for diesel engines as an effort to reduce emitted PM from diesel engines.

The effects of load, speed, equivalence ratio and injection timing and hydrogen addition level on the exhausted particulate matter investigated in this
article. The experiments performed on 4- cylinders, direct injection engine. Hydrogen induction was interred in three volumetric fractions 30, 50 and 70%
vol. of the inlet charge. The addition of hydrogen dramatically altered the emitted particulate matter. The studied engine variables have appeared to have

a large effect on resulted PM.

Keywords — PM, hydrogen, diesel fuel, injection timing, equivalence ratio, load, engine speed.

1 INTRODUCTION

iesel engines are the workhorses for commercial, in-

dustrial and personal transportation. Also, it plays a

vital role in power generation. They are widely used in
on-road and off-road vehicles because they are more efficient
than its counterpart, the gasoline-fueled engine. Primarily, due
to it has a greater compression ratio and operating tempera-
ture [1]. The diesel volumetric energy content (kW/liter) is
higher than that of other liquid fuels, like gasoline, ethanol,
methanol, and butanol. However, like the gasoline engine, the
Diesel engine emits regular emissions like carbon monoxide
(CO), hydrocarbons (HC) and oxides of nitrogen (NOx). Also,
diesel engines produce high levels of particulate matter (PM)
[2]. There is growing concern about these PM emissions since
emerging evidence potentially links PM with acute health ef-
fects [3].

PM formed in diesel engines due mainly to the heterogene-
ous combustion characteristics of diesel engines. The presence
of fuel rich mixture under high temperature and pressure en-
hances the formation of PM due to the lack of sufficient O, [4].
Particulate matter characterized by two distinct stages of de-
velopment, particle formation or nucleation, and particle
growth. The first phase is particle nucleation, where large
numbers of spherical particles with diameters less than two-
nm are formed in the combustion chamber [5]. Concurrently,
stage two begins when the particles start to combine with one
another due to phonetic forces (coagulation). Growth via co-
agulation depends strongly on the number of particles nucle-
ated, increasing the number of nucleated particles [6]. The
combined effect of soluble organic fraction (SOF) accumula-
tion and particle coagulation is the increase in primary particle
diameter as well as the formation of larger particulate struc-
tures [7].

Particulate emission and composition are greatly affected
by engine operating conditions. Such as equivalence ratio, fuel
injection timing in diesel engines, engine load, and engine
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temperature, exhaust gas re-circulation (EGR), and fuel com-
position. These conditions directly impact cylinder tempera-
ture and pressure, fuel vaporization, and the amounts of
available hydrocarbons and oxygen, all of which influence PM
formation, oxidation, and composition [8], [9].

Diesel PM is a subset of the total amount of particulate mat-
ter present in the atmosphere. Exposure to the mixture of gas-
es and solids that compose diesel exhaust has been shown to
result in serious health effects [10]. Diesel exhaust linked to
diseases such as cancer, respiratory illnesses, and asthma
symptom aggravation. Several premature deaths connected to
high levels of particulate matter exposure [11]. Numerous
studies have linked exposure to diesel exhaust as follows:

Effects related to short-term exposure: Lung inflammatory
reactions, adverse effects on the cardiovascular system in-
crease in medication usage, respiratory symptoms, increase in-
hospital admissions, and Increase in mortality [12]. The related
effects to long-term exposure are an increase in lower respira-
tory symptoms, reduction in lung function in children. More-
over, reduction in lung functions in infants and increase in
chronic obstructive pulmonary disease. Also, reduce the life
expectancy owing mainly to cardiopulmonary mortality and
probably to lung cancer [13], [14].

Due to the increasing pressure to eliminate the production
of greenhouse gases by governments and World leaders, the
research for alternative fuels increased. Various alternatives
examined and employed in conventional internal combustion
engines without modifications or with minor ones were exam-
ined severely. There are many promising liquid alternative
sources of energy as alcohols, vegetable oil. Also, many gases
sources like compressed natural gas (CNG), liquefied petrole-
um gas (LPG), liquefied natural gas (LNG), producer gas, bio-
gas, and hydrogen [15], [16]. Among these fuels, Hydrogen is
a long-term renewable, recyclable, and non-polluting fuel.
Hydrogen has a unique feature compared to hydrocarbon
fuels that are the absence of carbon [17], [18]. Hydrogen burn-
ing velocity is very high that achieve a very rapid combustion.
The limits of flammability of hydrogen vary from an equiva-
lence ratio (@ = 0.1 to 2.7), which allow the engine to operate
with a broad range of air/fuel ratios [19].

The use of hydrogen in dual fuel combustion as a premixed
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high octane fuel, ignited by a main injection of diesel investi-
gated as a combustion improver [20]. Hydrogen can lead to
lower particulate matter mass emissions, lower smoke emis-
sions, lower CO and lower unburnt hydrocarbons. However,
hydrogen produces higher NOx emissions, as is usually the
case with diesel engines [21].

In a dual engine, H, can be burned in diesel engines as a
supplemental fuel either by mixing it with air in the intake
manifolds or injected directly into the combustion chamber
prior to the injection of diesel. Prior to the injection of pilot
diesel fuel, hydrogen and air have been mixed well and
formed to some extent a homogeneous fuel-air mixture. Then,
the mixture compressed to a high temperature, but not high
enough to initiate the auto-ignition process of hydrogen in air.
After the pilot diesel fuel had injected into the cylinder, it at-
omized, vaporized, mixed with the Hs-air mixture and ignit-
ed through auto-ignition [22], [23].

Under suitable conditions, the burning of diesel fuel serves
as an energy resource to ignite the Hr-air mixture at multi-
points. The Hs-air mixture either burned through flame prop-
agation similar to that of an SI engine if the H-air mixture is
rich enough to support the speed of the flame. Alternatively,
the hydrogen may oxidize in the air if the H-air mixture is
leaner than the flammability limit [24], [25].

Despite there are no specific authoritative studies for air
quality in Iraq. Many studies reported that diesel engines
handle for more than 65% of the air pollution, due to the
enormous number of unmodified engines working as a part of
electric generators. This paper discusses the effect of blending
hydrogen with diesel in different proportions on PM. In this
study, hydrogen was inducted into the cylinder of a diesel
engine from an intake port, and the percentage of hydrogen
substitution varied from 0% to 70%, simultaneously reducing
the diesel percentages. Many engine variables studied, like
equivalence ratio, engine speed, load, and injection timing
effects on resulted PM.

2 EXPERMINTAL SETUP

2.1 Used Fuels

The tests used diesel fuel was conventional Iraqgi diesel
supplied by Al-Doura Refinery. Iraqi diesel fuel has high sul-
fur content that recorded at least about 10000 ppm that is a
gigantic quantity [26]. It is necessary to reduce sulfur levels to
about 30 ppm or less to maintain a particle trapping efficiency
of 73 % or higher in particulate filters [26]. Particulate matter
(PM) reduced to near zero when PM filters tested with the 150
ppm sulfur fuel. However, when PM filters tested with 350
ppm sulfur fuel, PM increased [1], [2], [6].

Both aromatic saturation and sulfur reduction take place in
hydrotreating units. In this treating process, hydrogen is nec-
essary to carry out the corresponding chemical reactions.
Therefore, hydrogen is an enabling agent in the production of
ultra low sulfur diesel fuel leads to reductions in PM emis-
sions that are realized by particle filters. The used hydrogen
supplied by a compressed gas cylinder delivered by General
Company for Vegetable Oils. The company certified that the
hydrogen was of research grade with purity of 99.99%. Table 1
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represents the diesel and hydrogen specifications.

2.2 Tests Engine and Accessories

The engine used in the tests was a four-cylinder, direct in-
jection diesel Fiat engine. Table 2 lists the engine specifica-
tions. A hydraulic dynamometer connected to control the
speed and load subjected on the engine. The engine was at-
tached to the dynamometer by a rubber coupling to isolate the
dynamometer from any high vibrations from the engine. A
flow meter is used to measure the air mass flow entering the
engine. A fuel mass flow meter used to measure the precise
mass of fuel supplied to the engine. Many standard K-type
thermocouples used to record exhaust gas temperatures.

TABLE 1
PROPERTIES OF FUELS USED

Property Diesel Hydrogen
Calorific value , kJ/ kg 44500 48500
Self ignition temperature, °C 725 858
Boiling point range , °C 260-320 -252
Ignition delay period, s 0.002 -
Flame propagation rate, cm/s 10.5 265-325
Flame temperature, °C 1715 2316
Surface tension, dynes 32 -
Viscosity at 39 °C, centistokes 2.7 -
Specific gravity at 32 °C 0.83 0.43
Sulfur content by weight, % 0.8 0.0112
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
Hole nozzle
10 nozzle holes
Nozzle hole dia. (0.48mm)
Spray angle= 1600
Nozzle opening pressure=40 Mpa

Fuel injection nozzle

Hydrogen fueling system composed of the high-pressure
regulator on the gaseous hydrogen high-pressure bottle. A
choked nozzles assembly used to feed the gas to the engine.
Besides, it to its primary serves as hydrogen flow measuring
device and to arrest backfire flames. The chocked nozzles as-
sembly used to ensure the safety of the laboratory and the op-
erator. The hydrogen supplied at room temperature and pres-
sure to avoid a temperature or pressure gradient between the
hydrogen and the intake air as they mixed. The hydrogen gas
introduced to the engine immediately below the air filter. The
air and hydrogen mixed sufficiently prior to entering the inlet
manifold. Therefore, this procedure eliminated any discrepan-
cies between the supplies to each cylinder to confirm a stable
running of the engine. The supplied hydrogen measured as a
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percentage of the intake air volume. A simple, low-cost air-
hydrogen device designed and used to mix hydrogen with the
inlet air.

A pressurized hydrogen vessel employed to supply the
engine with hydrogen fuel. The hydrogen bottle located se-
cured in a trolley outside the engine test room. This procedure
used to help the operator needs for controlling the hydrogen
supply at all times (to make adjustments or shut off if neces-
sary). The hydrogen was controlled manually, using a regula-
tor valve mounted on the pressure vessel. From the valve, the
hydrogen flowed through a %4” copper line to the nozzle; the
nozzle injected directly into the intake air stream in the inlet
manifold.

Particulate matter samples obtained by exposing filter ma-
terials to a diesel exhaust stream at the end of tailpipe dilution
point. Whatmann-glass micro-filters examined using a scan-
ning electron microscope. Low volume air sampler type Sniff-
er L-30 used to collect emitted PMs. The filters weighted be-
fore and after the end of sampling process that extend for one
hour. PMs’ concentrations determined by the equation:

PM in (g /m?)= 22" 1100
vt )
Where: PM = particulate matters concentration in (pg/m3).
w1 = the weight of the filter before sampling opera-
tionin (g).
wz = the weight of the filter after sampling opera-
tionin (g).
Vt = the total volume of the drawn air (m3)
The equation can determine Vt:

Vi=Q, -t b

Where: Q= the elementary and the final air flow rate
through the device (m?/sec).
t = the sampling time in (min).
Each filter was preserved in a plastic bag temporarily at the
end of collecting samples process until analyzing and study-
ing the results using a light microscope.

2.3 Safety Features

The employment of a large quantity of hydrogen in the
closed medium needs safety precautions to become of the
primary concern. Many hydrogen specifications require for-
mer determination with the hydrogen application in engines.
The leakage of hydrogen into engine laboratory prevented
through better ventilation to eliminate the hydrogen accumu-
lation in the engine room, especially at the ceiling areas. The
occurrence of backfire is ordinary abnormal hydrogen com-
bustion that needs preparations by relieving the resulted pres-
sure and shutting down the hydrogen fuel system. Also, in
case of emergency the avoidance of over-dosing of the hydro-
gen flow that may lead to abnormal combustion such as back-
fire and the onset of knock.

The following safety prospects developed and implement-
ed during the tests of this research:

Leakage Test: Soap bubbles approach used to confirm de-
tailed leakage test after the hydrogen system construction,
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before and during the testing period. Also, after the switching

of hydrogen tanks; the leakage test was conducted for con-

nectors and high-pressure hydrogen line.
Better Ventilation: The hydrogen fuel bottle installed in an
open to atmosphere shed outside the laboratory. Any
leaked hydrogen from this system ventilated to air without
any accumulation around the hydrogen fuel system. The
ventilation of the engine room was maintained by running
the ventilation fan prior to the tests start. The ventilation
fan kept run for at least 30 minutes after the end of the test.
Purging of the hydrogen Fuel System with Pure Nitrogen
after Each Test: After the end of all tests, the hydrogen sys-
tem was purged and filled with pure pressurized Nitrogen.
Such purging was necessary to eliminate the potential hy-
drogen leaking source when the engine was not running.
The pressurization of the fuel system with Nitrogen con-
sidered as a safety procedure to remove the possibility of
air entering the H, fuel system.
Elimination of Backfire Damage: The hazards of backfire
eliminated through the implementation of the following
approaches: Once backfire occurs, the high-pressure relief
established in the intake system with the aid of a pressure
relief valve installed on the intake manifold and flame ar-
restor. As soon as the intake manifold pressure reached 50
psi for any reason, the relief valve would blow off. This
pressure value verified to be efficient in eliminating the
backfire hazards. During this study, the abnormal backfire
combustion occurred twice without causing any damage to
the intake system or blowing off the pressure relief valve.
The choked nozzles assembly installed in the intake system
and acts as flame arrestor and used to quench the flame in-
itiated by backfire combustion.

2.4 Test Procedure

The ultimate aim of this investigation was to determine if
there was an advantage in terms of the PM 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 was operating the engine
at the optimum injection timing,.

The engine started with 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 in-
creased, the engine speed also increased, so the flow rate of
the intake air was increased to maintain a constant intake
pressure. Once the engine was running steadily with the cor-
rect settings, the Sniffer L-3 was exposed to exhaust gas for an
hour. The filters weighted before and after the end of the sam-
pling operation, and PMs’ concentrations were determined.

3 RESULTS AND DISCUSSIONS

Fig. 1 represents the effect of load on PM concentration at a
constant speed. Diesel fuel PM concentrations reduced for low
and medium loads. For loads between 20 to 60 kN/m?, the
concentrations tend to be stable. At loads above 60 kN/m?,
PM concentrations increased highly. The figure shows the ef-
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fect of hydrogen addition in three volumetric fractions to die-
sel. Hydrogen addition reduced the emitted PM. This reduc-
tion increased highly with 70% H2 volume fraction.

1500 rpm, Optimum injection timing
14 * Diesel

= 30% Hydrogen
«’aE\ 12 50% Hydrogen
= x 70% Hydrogen
=10
2
o 8
J
£ 6
3]
S 4
o
2 2
0
0 20 40 60 80 100

bmep (kN/m?)

Fig. 1. Load effect on PM concentrations for variable volumetric
hydrogen fractions

The lowest recorded PM emissions at 1500 rpm and opti-
mum injection timing are with 70% vol. Hydrogen addition, as
is shown in Fig. 5. Hydrogen addition with (70% vol. fraction)
indicated a significant reduction in the PM concentrations ap-
proached about 43.7%. The lowest achievable PM emissions
occur at 50% vol. Hydrogen addition was about 21.63%. Hy-
drogen addition with 30% volume achieved for about 14.79%
reduction in PM concentrations

The combustion chamber temperature is low at low loads
that lead to poor combustion especially for the hydrocarbon
molecules with higher C molecules, resulting in higher PM
concentration. At medium loads, the combustion chamber
temperature is suitable that leads to an adequate combustion
and approximate stability. At high loads, more diesel fuel in-
jected to maintain engine speed, accompanied by higher com-
bustion chamber temperatures resulting in a higher PM con-
centrations.

At low loads engine operation, the hydrogen addition did
not improve exhausted PM significantly. At medium loads,
the addition effect was evident due to improvement in com-
bustion quality. The reduction in PM is due to the absence of
carbon in hydrogen and also hydrogen forms a homogeneous
mixture during combustion rather than a heterogeneous mix-
ture like diesel. Hydrogen assists diesel during the combus-
tion process to have a greater reduction in the PM concentra-
tions. At very high loads PM reduced in a lesser form com-
pared with medium loads. In this case, the combustion cham-
ber’s temperatures became high causing rapid combustion,
putting in mind that the tests conducted at optimum injection
timing for each instance. Adding hydrogen forced the injec-
tion timing to be retarded. It may conclude that the optimum
injection timing operation gave the best PM concentrations
reduction.

PM concentration increased at low and high speeds and
reached it minimum values at medium speeds, as Figs. 2, 3 & 4
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represent. The high concentration of PM is due to the volu-
metric efficiency reduction at low speeds. At high speeds, the
preparation time of the air-fuel mixture reduced highly, lead-
ing to higher PM concentrations.

No load, 1500 rpm, Optimum injection timing

+ Diesel

m 30% Hydrogen
50% Hydrogen

% 70% Hydrogen

PM concentrations (jug/m3)

o P N W A~ 00 OO N ©

1000 1500 2000 2500

Engine speed (rpm)

Fig. 2. Engine speed effect on PM concentrations for variable
volumetric hydrogen fractions at no load

Hydrogen addition takes a part of inner air reducing vol-
umetric efficiency more and more. In the same time, its addi-
tion changed the C to H rate inside combustion chamber to-
gether with changing combustion behavior. The resulted PM
concentrations were the consequence of these factors. PM con-
centrations also increased at no load and high loads. At no
loads, the combustion chamber temperatures are low causing
the hydrocarbon particles near the chamber wall cannot par-
ticipate. At high loads, the volumetric efficiency reduction due
to higher fuel injection accompanied by hydrogen addition.

Meduim load, 1500 rpm, Optimum injection
timing

7 + Diesel
= m30% Hydrogen
E6 50% Hydrogen
g 5 x 70% Hydrogen
2
o4
8
£ 3
8
=1
o

0

1000 1500 2000 2500

Engine speed (rpm)
Fig. 3. Engine speed effect on PM concentrations for variable
volumetric hydrogen fractions at medium load

At no burden, adding the hydrogen caused a decrease in
PM concentrations of 10.68, 21 and 41.56 for hydrogen volume
fractions (HVF) of 30, 50 and 70% respectively. At medium
loads, adding hydrogen caused reduction of 4.4, 9 and 28.95%
for HVF 30, 50 and 70% respectively. At high loads adding
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hydrogen caused reduction of 9.4, 17.46 and 35.22 for HVF 30,
50 and 70% respectively.

The reductions were calculated and compared for the
whole engine speed tested range. A comparison of PM concen-
trations between no load conditions to medium load demon-
strated reductions of 17.74, 11.9, 15.3 and 15.5% for diesel,
30%, 50% and 70% HVF respectively. On the contrary, moving
from medium to high loads caused increments in PM about
67.8, 66, 64.5 and 64.7 for diesel, 30, 50 70% HVF respectively.

High load, 1500 rpm, Optimum injection timing
16
W"\E 14
g 12
2 10
2
B 8
g 6
c
S 4 . X
; + Diesel m30% Hydrogen
o 2 50% Hydrogen % 70% Hydrogen
0
1000 1500 2000 2500
Engine speed (rpm)
Fig. 4. Engine speed effect on PM concentrations for variable
volumetric hydrogen fractions at high load

The reduction percentages mentioned above are low com-
pared with reductions referred to by other researchers. High
sulfur content characterizes Iraqi diesel fuel. Sulfur with aro-
matic compounds is the main chemical compound for smoke
and particle nucleation. In this situation reducing sulfur con-
tent in diesel fuel caused a PM concentration reduction large-
ly, also hydrogen effect enlarged.

Meduim load, 1500 rpm, Optimum injection
45 timing
-
= 40
(S * Diesel
S 35
2 = 30% Hydrogen
@ 30 50% Hydrogen
-% 25 x 70% Hydrogen
5 20
[} X
e 15
8 10
=
o
0 0.2 0.4 0.6 0.8 1
Equivalence ratio (&)
Fig. 5. Equivalence ratio effect on PM concentrations for variable
volumetric hydrogen fractions at medium load

Fig. 5 shows the effect of the equivalence ratio and hydro-
gen addition on PM concentrations at medium load (44
kN/m?) and a constant speed (1500 rpm). Emitted PM was

1085

high at very low equivalence ratio (<0.3). Adding hydrogen
extended the ultra lean equivalence ratio. At these ratios, the
emitted PM was high. The minimum PM concentration existed
between (0.32(J<0.6) where the maximum brake power pro-
duced. At equivalence ratios (20.6) PM concentrations in-
creased highly because of incomplete combustion resulted
from improper mixing due to fuel quantity increase. Hydro-
gen addition reduced PM concentrations with about 7.69,
13.55 and 27.47 for HVF 30, 50 and 70% respectively.

Injection timing effects on emitted PM was studied as Fig.
6 shows. Hydrogen has a high flame speed that affect combus-
tion. For retarding injection timing of the diesel fuel, the avail-
able time for air-fuel mixture preparation reduced leading to a
high PM concentration. Advancing injection timing increased
the time preparation for the contained fuel, as well as, its delay
period, originating a better combustion with less PM concen-
tration. Engine knock appearance limited advancing injection
timing. Adding hydrogen forced the optimum injection timing
(OIT) to be retarded. Advancing injection timing away from
OIT cause rough combustion and increased PM concentra-
tions. The retardation of injection timing away from OIT
caused combustion to continue at exhaust stroke increasing
PM concentrations. In this work, the knock phenomenon im-
pacts on PM concentration were not examined. The total re-
ductions in PM concentrations were 6.8, 19.78 and 29.47% for
HVF of 30, 50 and 70% respectively.

Meduim load, 1500 rpm, Optimum injection

25 timing + Diesel
m 30% Hydrogen
E 50% Hydrogen
> 20 % 70% Hydrogen
2
£15
B8
£ 10
(&)
c
8
S 5
o
0
0 10 20 30 40 50 60

Injection timing (° BTDC)

Fig. 6. Injection timing effect on PM concentrations for variable
volumetric hydrogen fractions at medium load

4 CONCLUSIONS
The effect of the addition of hydrogen, equivalence ratio,
engine load and speed on emitted PM concentrations in the
exhaust gas of a FIAT diesel engine investigated experimental-
ly. The engine fuel injection strategies were modified so that
each case operates in optimum injection timing. The following
conclusions obtained from this research:
1- The study demonstrates the effect of equivalence ratio,
engine speed, load and injection timing on PM concen-
tration.
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2- The addition of hydrogen to diesel fuel in dual engine
reduced the emissions of PM. The extent of reduction in
PM emissions depends on the amount of hydrogen
added and engine load. The maximum PM reduction of

43.7% obtained with hydrogen addition up to 70%, at

20%-80% of the engine load.

Adding hydrogen caused high reductions in PM con-

centration, but less than that mentioned in other articles

that used sulfur free or ultra low diesel fuel.

4- Hydrogen addition to diesel engines could be used in
the future to meet ever stricter engine carbon emission
regulations.

5- Working at equivalence ratios that give the maximum
brake power values produce lower PM concentrations.
Also, hydrogen addition at these ratios made higher re-
duction of PM compared to other equivalence ratios.

6- Engine operation at ultra-low or very high equivalence
ratios produced higher PM concentrations with or
without hydrogen.

7- Engine operation at very low or very high loads gives
higher PM concentrations with and without hydrogen
addition.

8- Low and high speeds produce higher PM concentra-
tions compared to medium speeds that produce lower
concentrations.

9- Hydrogen addition always accompanied with injection
timing retarding. The injection timing retardation away
from OIT causes the maximum PM concentration in
case of hydrogen addition and for diesel fuel also. On
the contrary, for diesel fuel, advancing injection timing
resulted in lower concentrations. Advancing injection
timing increased PM concentrations in the case of hy-
drogen addition. Minimum PM concentration ap-
proached with optimum injection timing when hydro-
gen added to diesel.

10-High sulfur content that characterized Iraqi diesel fuel
can cause a disaster if it is not treated as an urgent
problem. This high content caused very high emitted
PM concentration.

11-Hydrogen addition effect on PM concentration can be
greater whenever sulfur content limited to its minimum
acceptable levels, as in Europe, Japan, and USA.

(O8]
1

REFERENCES

(1

(2]

&)

4]

3]

(6]

E. Alfieri, “Emissions-Controlled Diesel Engine,” Ph. D, Thesis, Swiss Federal
Institute of Technology Zurich, 2009.

S. Williams, “Surface Intermediates, Mechanism, and Reactivity of Soot Oxi-
dation,” Ph. D. Thesis, Department of Chemical Engineering and Applied
Chemistry, University of Toronto, 2008.

AL. Boehman and O.L. Corre, “Combustion of Syngas in Internal Combus-
tion Engines,” Combustion Science and Technology, vol. 180, pp. 1193-1206, 2008.
J. Bachmann, “Black Carbon: A Science/Policy Primer;” Vision Air Consulting,
LLC, Pew Center on Global Climate Change, pp. 2-10, December 2009.

P.H. Danielsen, L. Risom, H. Wallin, H. Autrup, U. Vogel, S. Loft and P.
Moller, “DNA Damage in Rats After a Single Oral Exposure to Diesel Exhaust
Particles,” Mutation Research, vol. 637, pp. 49-55. 2008.

AS. Bika, LM. Franklin and D.B. Kittelson, “Emission Effects of Hydrogen as

IJSER © 2015

(7]

(8]

&l

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(2]

(23]

(4]

1086

a Supplement Fuel with Diesel and Bio-diesel,” SAE Paper 2008-01-0648, 2008.
F. Kamakaté, “ Assessment of Diesel Pollution in Inner West Contra Costa
County,” Technical Support Report By the Pacific Institute, San Francisco,
USA, July 2005.

M.T. Chaichan, D.SM. Al-Zubaidi, “A Practical Study of Using Hydrogen in
Dual-Fuel Compression Ignition Engine,” International Journal of Mechanical
Engineering (IIJME), vol. 2,no. 11, pp. 1-10, 2014.

A. Westlund, “Measuring and Predicting Transient Diesel Engine Emissions,”
M. Sc. thesis, Department of Machine Design, Royal Institute of Technology,
Stockholm, 2009.

H.L. Bruce, “The Carbon Dioxide - Equivalent Benefits of Reducing Black
Carbon Emissions from U.S. Class 8 Trucks Using Diesel Particulate Filters: A
Preliminary Analysis;” Clean Air Task Force, September 10, 2009.

P.B. Farmer, R. Singh, B. Kaur, R]J. Sram, B. Binkova, I. Kalina, T.A. Popov, S.
Garte, E. Tailoli, A. Gabelova and A. Cebulska-Wasilewska, “Molecular Epi-
demiology Studies of Carcinogenic Environmental Pollutants: Effects of Poly-
cyclic Aromatic Hydrocarbons (pahs) in Environmental Pollution on Exoge-
nous and Oxidative DNA Damage,” Mutation Research, vol. 554, pp. 397402,
2006.

M.T. Chaichan, “Combustion and Emissions Characteristics for DI Diesel
Engine Run by Partially-Premixed (PPCI) Low Temperature Combustion
(LTC) Mode,” International Journal of Mechanical Engineering (IIJME), vol. 2, no.
10, pp. 7-16,2014.

D. Bonaquist, R. Krut, “The Role of Hydrogen in Minimizing Black Carbon
Emissions from Diesel Engines,” A White Paper, May 2010, Available at:
WWW .praxair.com.

World Health Organization, “Health Aspects of Air Pollution” - Results from
the project “Systematic Review of Health Aspects of Air Pollution in Europe”.
Copenhagen, Denmark, 2004.

L. McWilliam, “Combined Hydrogen Diesel Combustion: An Experimental
Investigation into the Effect of Hydrogen Addition on the Exhaust Gas Emis-
sions, Particulate Matter Size Distribution and Chemical Composition,” Ph D
Thesis, School of Engineering and Design, Brunel University United King-
dom, 2008.

M. Masood, MM. Ishrat, “Computer Simulation of Hydrogen-Diesel dual
Fuel Exhaust Gas Emissions with Experimental Verification,” Fuel, vol. 87, pp.
1372-1378,2008.

J.H. Wildhaber, “ Aerosols: The Environment Harmful Effect,” Pediatric Respir-
atory Reviews, vol. 75, pp. 86-87, 2006.

L. McWilliam, T. Megaritis and H. Zhao, “Experimental Investigation of the
Effects of Combined Hydrogen and Diesel Combustion on the Emissions of a
HSDI Diesel Engine,” SAE 2008-01-1787, 2008.

MT. Chaichan, “The Measurement of Laminar Burning Velocities and
Markstein Numbers for Hydrogen Enriched Natural Gas,” Infernational Jour-
nal of Mechanical Engineering & Technology (IIMET), vol. 4, no. 6, pp. 110-121,
November- December, 2013.

L. McWilliam, T. Megaritis and H. Zhao, “Experimental Investigation of the
Effects of Combined Hydrogen and Diesel Combustion on the Emissions of a
HSDI Diesel Engine,” SAE 2008-01-0156, 2008.

K. Nakakita, K. Akihama, W. Weissman and J.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.

T. Keating, “Black Carbon 101,” Ph. D. Thesis, EPA Office of Air and Radia-
tion, and Marcus Sarofim, AAAS Environmental Science Fellow, March, 2009.
Available at: http:/ /www .pewclimate.org/ science/ blackcarbon- primer.

N. Saravanan and G. Nagarajan, “An Experimental Investigation of Hydro-
gen Enriched Air Induction in a Diesel Engine System,” International Journal of
Hydrogen Energy, vol. 33, pp. 1769-1775,2008.

N. Saravanan, G. Ngarajan, KM. Kalaiselvan and C. Dhanasekaran, “An

http://www.ijser.org


http://www.ijser.org/
http://www.praxair.com/
http://www.pewclimate.org/science/blackcarbon-

International Journal of Scientific & Engineering Research, Volume 6, Issue 6, June-2015 1087

ISSN 2229-5518
Experimental Investigation on Hydrogen as a Dual Fuel for Diesel Engine
System with Exhaust Gas Recirculation Technique,” Renewable Energy |, vol.
33, pp. 422427, 2008.

[25] MG. Shirk, T.P. McGuire, LN. Gary and D. Haworth, “Investigation of a
Hydrogen-Assisted Combustion System for a Light-Duty Diesel Vehicles,”
International Journal of Hydrogen Energy, vol. 33, pp. 7237-7244, 2008.

[26] United Nation Environment Program (UNEP), “Opening the Door to Cleaner
Vehicles in Developing and Transition Countries: The Role of Lower Sulfur
Fuels.” Report of the sulfur working group of the partnership of clean fuels
and vehicles (PCFV), Nairobi, Kenya, 2007.

IJSER © 2015
http://www.ijser.org


http://www.ijser.org/

	1 Introduction
	2 EXPERMINTAL SETUP
	2.1 Used Fuels
	2.3 Safety Features
	2.4 Test Procedure

	3 RESULTS and DISCUSSIONS
	References



