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EFFECT OF HYDROGEN ADDITION AT DIFFERENT LEVELS ON EMISSIONS
AND PERFORMANCE OF A DIESEL ENGINE

Y. Karagoz 1+

ABSTRACT

The ratio of diesel vehicles in vehicle park and also the number of diesel vehicles sharply increase in the world.
Advantages of diesel engines can be stated as high efficiency, low fuel consumption etc., on the other hand high
amount of oxides of nitrogen caused by high compression ratio of diesel engines should be noted as its
disadvantage.  Moreover, a high amount of smoke emission is formed due to combustion characteristics of
diesel engines. Both NOx and smoke are really hazardous for the environment. Stringent emission regulations
force diesel engines to exhaust less NOx and smoke emissions. Thus, diesel engines require advanced after -
treatment systems. The catalyst materials in after - treatment systems are really expensive. In this study, different
levels of hydrogen [0%, 40% and 75%] on energy basis of total fuel were introduced into intake manifold of
engine. Brake thermal efficiency of the engine improved with increasing percentage of hydrogen. CO, THC and
smoke emissions are significantly decreased by using hydrogen as additional fuel. Especially, a novel decrease
on smoke emission [up to 70.7%] is obtained. However, particularly during 75% hydrogen addition, the dramatic
increase in NOx emissions could not be prevented.
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INTRODUCTION

Increasing energy demand in the world, decreasing oil reserves, and stringent emission regulation on
transportation stimulate researchers to use environment-friendly, clean and alternative fuels on vehicles. In white
Paper Report which was published by European Union Commission, 60% reduction in greenhouse gas emissions
in 2050 is aimed [1]. Despite a lot of measures taken by the European Union, renewable energy consumption
level could not reach target value between 2010 and 2011 [1]. As known, diesel engines have to be used in
transportation sector at least in the near future, however they emit oxides of nitrogen and particulate matter [2-4].
According to Air Quality Report in Europe, NOx emission values are 42% higher than from limit values in
emission measurement points in 2011 [1]. Moreover, the particulate matter emission values are 43% higher than
limit points [1]. The after - treatment equipment prices are really high due to costs of catalyst materials.
Consequently, some researchers start to use alternative fuels such as LPG, CNG, LNG, biogas, and ethanol [5-
15]. Hydrogen is a conspicuous and promising alternative fuel in the world [15]. The battery capacity is
insufficient, for this reason it is impossible to use electrical vehicle or hybrid vehicle in the near future [16].
Using alternative, clean gas fuels such as hydrogen in diesel engines may be a solution in this period [17].

Some researchers [18, 19] had studied hydrogen in homogenously filled compression ignition engines
[HCCI], but because of combustion stability r it is impossible to use them in the real world . Some researchers
used hydrogen in spark ignition engines [20-23], however the problems such as power loss, combustion stability
problems, backfiring etc. are observed.

Some researchers studied in Otto engines and used hydrogen and oxygen as supplementary fuel [24]. Also,
Karagoz et al. [24] sent water into the engine and they found that the engine performance and emissions
improved except for NOx.

Some researchers worked with natural gas and hydrogen blends [25, 26]. Huang et al. [27] studied about
cyclic variations in Sl engine fuelled with different levels of natural gas and hydrogen blends. On the other hand,
some researchers [28] studied about compressed bio gas-diesel fuel blend and they obtained that the emission
values improved with gas fuel addition.
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Despite superior performance of diesel engines, they suffer from NOy and particulate matter emissions
[28, 29]. On the other hand, emission regulations force to use advanced after - treatment systems to limit NOy
and particulate matter emissions but prices of after - treatment systems are expensive. Using alternative gas fuels
like hydrogen in diesel engines will be an alternative to control emissions [17]. Hydrogen has 576°C
inflammation temperature, for this reason it will be easily used in diesel engines with diesel fuel [31]. In order to
ignite combustible mixture, an energy source is required [32]. Ikegami et al. [33] used glow-plugs to heat
combustible mixture. Antunes et al. [31] heated intake air to ensure ignition stability.

Using pilot diesel fuel as ignition source and hydrogen port fuel injection is the most common and
reliable method [34-36]. Since, high pressure direct hydrogen injectors take place in the market, direct hydrogen
injector into the cylinder is not commercially possible. Also, continuous hydrogen injection is not reliable since
backfiring, pre-ignition and other combustion problems in the engines may occur [2]. For this reason, injection
of hydrogen using gas injectors and an electronic control unit is the most suitable method.

The works about using hydrogen in compression ignition engines are given below. Horng-Wen Wu and
Zhan-Yi Wu [36] introduced 0% to 20% hydrogen on energy basis at 1800 rpm constant engine speed. According
to their obtained results, the thermal efficiency, CO and soot improved with hydrogen addition. Pan et al. [35]
experimentally studied on two stroke, supercharged MTU 12V diesel engine. They introduced 0 slpm, 22 slpm
and 220 slpm hydrogen versus engine loads. They obtained that CO and particulate matter emissions decrease
with increasing amount of hydrogen. Bika et al. [17] studied on a supercharged, Volkswagen diesel engine at
1700 rpm engine speed with 0% and 40% hydrogen addition and at different engine loads. They obtained that the
NOy emissions unchanged, particulate matter emissions did not change. Miyamoto et al. [16] sent up to 16%
hydrogen on volume basis in a diesel engine. They obtained that NOy emissions were decreased while HC
emission did not change. Hosseini and Ahmadi [37] studied on a heavy duty type diesel engine using hydrogen-
diesel dual fuel and they found that the emissions of NOx, UHC, soot, CO and CO2 are reduced with hydrogen
addition. Talibi et al. [38] studied diesel-hydrogen dual fuel using high EGR levels, and they found that
particulate mass decreased up to 75%.

Many studies have been done on hydrogen addition in compression ignition engines, but a few studies
can be found about effect of different levels of hydrogen addition. Especially, effect of wide range of hydrogen
energy fraction from 0% to 75% has not been investigated. For this reason, in this study different levels of
hydrogen [0%, 40% and 75% on energy basis] were experimentally investigated at 1300 rpm engine speed at full
[100%] engine load.

TESTING SET

Schematic illustration of the testing set is given in Figure 1. A single cylinder, four stroke, naturally
aspirated engine was converted into common-rail diesel fuel system. Instead of mechanical injector, an
alectromagnetic injecter was used. The pulverization angle as 145° is same for both injectors. A high pressure
diesel fuel pump and rail were used. 108 Pa rail pressure was used as constant during tests. Diesel fuel is suitable
for EN590 standart. A high pressure hydrogen tank was placed outside of the laboratory. The hydrogen has a
purtiy of 99.99%. An ECU was developed to control both hydrogen injector and diesel injector. A miniature oval
gear type flow meter was installed to measure diesel fuel. A mass flow meter was installed on hydrogen line.
Thermocouples were installed to measure engine cooling water temperature, engine oil temperature and exhaust
gas temperature. A usb type N16215 data acquisition card was used and using LabView software an interface was
developed to measure diesel flow rate, hydrogen flow rate, AVL Dicom 4000 emssion analyser and AVL 415S
smoke meter.

Diesel Engine and The Engine Dynomometer

The technical specs of the diesel engine can be given as follows: single-cylinder, 1.16 L, naturally
aspirated, four-stroke, direct injection. The diesel engine was developed by Erin motor and Yildiz Technical
University. An water cooling type Eddy current dynamometer which has 40 kW engine loading capacity was
used to load test engine in Yildiz Technical University. The technical properties of diesel engine and engine
dynamometer were shown in Table 1. According to technical specifications, the maximum power of the engine is
18 kW at 2700 rpm engine speed. The test rig was adapted to operate the diesel engine with hydrogen as fuel
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1:  Control unit of dynomometer  7:  Diesel engine 13; Smoke-meter(AVL 4158) 19: Diesel fuel flow-meter

2 Encoder 8 Gas injector 14: Emission analyser(AVL Digas 4000) 20 In-cyfinder pressure sensor
31 Engine dynomometer 9 Air mass flow-meter 15! Airtank 21 Exhaustline

4. Flywheel 10: Intake manifoid 16 Amplifier

5. Exhaust manifold 11: Electrobalance 17: Oscilloscope

6. Exhaust thermocouple 12: Diesel fuef tank 18: ECU

Figure 1. Schematics of the testing set

Table 1. Technical properties of the engine dyno and diesel engine

Engine manufacturer Erin-motor engine

Aspiration Natural

Maximum power 18 kW@2700 rpm
Number of cylinders 1

Bore x stroke [mm] 108 x 127
Cylinder volume [cm?] 1163
Compression ratio 14.7

Speed range min-max [rpm] 800 — 2700
Number of intake & exhaust valves 2 & 2

Cooling Water cooled
Dyno type & power [kW] Eddy current & 40

Gas Fuel Line

Hydrogen has unique properties. The auto-ignition temperature of hydrogen is 858 K [27]. The
diffusion coefficient of hydrogen is 0.61 cm2/s [27]. The adiabatic flame speed of hydrogen is 237 cm/s [27].
Figure 2 shows schematics of hydrogen fuel line. A high pressure tank was used to store hydrogen which has
purtiy above %99.99. A double stage hydrogen pressure regulator was installed to reduce hyrogen pressure. To
prevent backfire, a solenoid shut-off valve was used. A quick-connect type connection which operatesalso as a
check valve is installed just before the diesel engine. Moreover, a relief-valve was installed to prevent over-
pressure on the line. A second pressure regulator which is line type regulator was set to accurately adjust the
pressure line. An electromagnetic hydrogen gas injector was installed to the diesel engine manifold.

The Engine Ecu

Figure 3 shows the schematics of the engine ECU [electronic control unit]. The engine ECU was
developed in Yildiz Technical University and it operates with a microcontroller. The developed ECU can both
control hydrogen injector and diesel injector. An incremental type encoder was installed on the engine. Two
different signals one of which is zero signal determines piston position, and the other one generates 360
pulses/revolution were used to control injectors [diesel and hydrogen] with ECU. Arduino-Due cards were used
to change injection advance and injection duration during the engine running. 12 Volt DC power supply was used

1782



Journal of Thermal Engineering, Research Article, Vol. 4, No. 2, Special Issue 7, pp. 1780-1790,
February, 2018

during injectors were controlled. Since, the injection parameters directly affect the engine performance and
emissions as proved by some reasearchers [39], using ECU to control injectors is very important. The diesel
injection advance was adjusted to 28° before top dead center.

To Relief
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S e

Pressure On/Off Rotameter Mass
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Figure 2. Schematics of the hydrogen line
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Arduino
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Figure 3. Schematics the engine ECU

Exhaust Gas Emission Measurement

Using AVL Digas 4000 exhaust analyser CO, THC and NOyx emissions were measured. To measure
smoke emission, AVL 415S smoke analyser was used. AVL Dicom 4000 measures CO and THC emissions as
%volume, NOx emissions as ppm. AVL 415S measures as FSN or mg/m3. Since the engine torque and the engine
speed are kept constant during test, the emission units were not converted into brake specific emissions.

The Engine Operation

The test engine was opareted according to ESC [European Stationary Cycle] at 1300 rpm engine speed.
1300 rpm is equal to A engine speed operation point for the test engine. Different levels of hydrogen energy
fraction [0%, %40 and %75] were tested. 0% hydrogen energy level means neat diesel fuel operation. All tests
were performed at full [100%] engine load condition. The test engine is warmed up until it reaches the regime
temperature. The diesel fuel injected at 28° before top dead centre [BTDC]. The hydrogen fuel was injected at
top dead centre [TDC]. The test conditions were given in Table 2. The engine brake torque was kept constant as
72 Nm at 1300 rpm engine speed. The engine brake power value is also constant as 9.8 kW in all hydrogen
energy values. The brake specific fuel consumption, THC, CO, NOy and smoke values are experimentally
investigated with different values of hydrogen addition at 72 Nm brake engine torque and 1300 rpm engine
speed. During experimental tests, any combustion problem like knock, backfiiring, preignition did not occur. The
accuracies and uncertainty values are given in Table 3.
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Table 2. The summary of test conditions.

Engine brake Engine speed Start of diesel Hydrogen energy Diesel energy
torque injection fraction fraction

72 Nm 1300 rpm 28°BTDC 0% 100%

72 Nm 1300 rpm 28°BTDC 40% 60%

72 Nm 1300 rpm 28°BTDC 75% 25%

Table 3. Measurement accuracies and calculated uncertainities

Parameter Device Accuracy

Engine torque Load cell +0.05 Nm

Engine speed Incremental +5 rpm
Encoder

Cylinder pressure Kistler 6253C +0.5 %

Diesel flow rate

Biotech VZS-005

+1 % [of reading]

NG flow rate New-Flow TMF +1 % [F.S.]

Cco AVL DiCom 4000 0.01 % Vol.

THC AVL DiCom 4000 1 ppm

NOx AVL DiCom 4000 1 ppm

Smoke AVL 415S 0.4 % \Vol.
Calculated results Uncertainty value
Engine power +0.28 %

+1.10+1.43 %
[0% + 75% hydrogen]

Thermal efficiency

RESULTS AND DISCUSSION

In this study, the engine performance [brake thermal efficiency] and emissions [CO, THC, NOy and
smoke] were experimentaly tested at full engine load and 1300 rpm constant engine speed. The test engine and
test cell were modified to operate with hdyrogen. The hydrogen fuel was injected into the test engine intake
manifold using gas injector. An electromagnetic diesel injector was used to send diesel fuel into the engine. A
self developed hybrid ECU which controls both diesel and gas injectors was used to operate the engine in dual
fuel mode. Different levels of hydrogen energy fraction [0%, 40% and 75%] were tested.

The brake thermal efficieny means the proportion of the brake power and fuel energy consumption. It
shows how much energy is converted into useful energy [40]. The obtained brake thermal efficieny values
depending on hydrogen energy fraction were given in Figure 4. The brake thermal efficiency values were
improved with increased level of hydrogen energy fraction. The brake thermal efficiency values are %23.8,
%24.1 and %24.3 when hydrogen level is 0%, 40% and 75%, respectively. The improvement in brake thermal
efficiency is 1.26% and 2.1%, respectively according to neat diesel fuel operation with 40% and %75 hydrogen
addition. The flame speed of hydrogen is faster than diesel. Moreover, the diffusion coefficient of hydrogen is
higher than other fuels. The homogeneity of air-fuel mixture improves with hydrogen addition. Also, the
combustion efficiency of combustible mixture increases due to high flane speed of hydrogen. Thus, the
combustion process approaches to ideal constant volume combustion.

CO is a harmful emission and released from internal combustion engines and it is a conclusion of
inefficient combustion of petrolueum based fuels [41]. The basic reason of CO emission is lack of oxygen
during combustion. The effect of hydrogen addition on CO emission is shown in Figure 5. The CO emission
values are 0.28 %vol., 0.21 %vol. and 0.11 %vol., respectively with 0%, 40% and 75% hydrogen addition.

1784



Journal of Thermal Engineering, Research Article, Vol. 4, No. 2, Special Issue 7, pp. 1780-1790,
February, 2018

24,4
24,3

24,2

24,1
24

al Efficiency (%)

g 239

er|

£
< 237 |

236

235

0 40 75
Hydrogen Energy Fraction (%)

Figure 4. Effect of different amount of hydrogen addition on brake thermal efficiency

The improvement on CO emissions is 25% and 60.7% respectively, according to neat diesel with 40%
and 75% hydrogen addition. The hydrogen fuel does not contain any carbon atom. On the other hand, the total
carbon/hydrogen ratio decreases with increasing amount of hydrogen. Also, the combustion efficiency increases
with hydrogen addition due to high flame speed and high diffusion coefficient properties of hydrogen.
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Figure 5. Effect of different amount of hydrogen addition on CO emissions

Hydrocarbons are generated from incomplete combustion of hydrocarbon based fuels. The exhausted
unburned hydrocarbons from internal combustion engines is called as total hydrocarbons [THC] [42]. The total
hydrocarbon values depending on different levels of hydrogen addition is given in Figure 6. The total
hydrocarbon values are 23 ppm, 16 ppm and 8 ppm with 0%, 40% and 75% hydrogen addition, respectively. The
improvement in THC emission according to neat diesel fuel is 30.4% and 60.2% with 40% and 75% hydrogen
addition respectively. Oxides of nitrogen [NO] are composed of nitrogen monoxide [NO] and nitrogen dioxide
[NO2]. The oxides of nitrogen are really harmful for the environment and human health. Two basic mechanisms
explain nitrogen monoxide formation which are thermal mechanism [Zeldovich mechanism] and promt
mechanism [Fenimore mechanism].

The NO formation depends on in-cylinder temperature and oxygen concentration. In the combustion
process of compression ignition engines, thermal mechanism has a domination on oxides of nitrogen formation
[43, 44].
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Figure 6. Effect of different amount of hydrogen addition on THC emission

Figure 7 shows the oxides of nitrogen emission values depending on different level of hydrogen
addition. According to obtained results, the oxides of nitrogen emissions dramatically increase with hydrogen
addition. The NOy values are 2740 ppm, 2970 ppm and 3970 ppm with 0%, 40% and 75% hydrogen addition.
The increase in NOy emissions are 8.4% and 44.9%, respectively with 40% and 75% hydrogen addition
according to neat diesel. Since, aidabatic flame temperature is higher than other petroleum fuel, in-cylinder
temperature increases with hydrogen addition. Also, high in-cylinder pressure increases with hydrogen addition
due to high flame speed of hydrogen. Also, the combustion duration shortened with hydrogen addition. As a
result, NOx emissions dramatically increase with hydrogen addition.

0 40 75
Hydrogen Energy Fraction (%)

Figure 7. Effect of different amount of hydrogen addition on NOx emission

Diesel smoke emission is formed from carbonaceous materials. Carbonaceous materials are generated
due to incomplete combustion and lack of oxygen [42]. Figure 8 shows smoke emission values depending on
different level of hydrogen addition. The smoke emission values are 0.58 FSN, 0.47FSN and 0.17FSN with 0%,
40% and 75% hydrogen addition, respectively. The improvement in smoke emission values is 18.9% and 70.7%
regarding to neat diesel with 40% and 75% hydrogen addition, respectively. Hydrogen does not contain any
carbon atoms. Moreover, it improves combustion efficiency. Furthermore, it improves the homogeneity of
combustible mixture. Also, total carbon/hydrogen ratio of fuel will decrease with hydrogen fuel addition. Thus,
smoke emission decreases with increasing amount of hydrogen fuel.
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Figure 8. Effect of different amount of hydrogen addition on smoke emission

CONCLUSION
Engine values regarding brake thermal efficiency, and emissions of CO, THC, smoke and NOy were
experimentaly investigated in this work. Tests were performed in a four stroke, water cooled, naturally aspirated,
single cylinder diesel engine at 1300 rpm constant engine speed and full engine load. Different levels of
hydrogen [0%, 40% and 75% by energy content] were experimentaly tested in the compression ignition test
engine.
Acquired results are given below:
a. The brake thermal efficiency increased by 1.26% and 2.1%, respectively with addition of 40% and
75% hydrogen compared to neat diesel fuel.
b. CO emissions decreased by 25% and 60.7%, respectively with 40% and 75% hydrogen addition as
energy content compared to only diesel fuel.
c. THC emissions improved bye 30.4% and 60.2% with 40% and 75% hydrogen addition.
d. A dramatic increase of 8.4% and 44.9% is obtained in NOx emissions respectively with 40% and 75%
hydrogen addition compared to only diesel fuel.
e. A novel improvement of 18.9% and 70.7%, respectively is observed in smoke emissions with 40% and
75% hydrogen addition.
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NOMENCLATURE

Cl Compression ignition

CNG Compressed natural gas

CO Carbon monoxide

CO, Carbon dioxide

DPF Diesel particulate filter
ECU Electronic control unit

HC Hydrocarbons

HCCI Homogenous charge compression ignition
ICEs Internal combustion engines
LNG Liquefied natural gas

LPG Liquefied petroleum gas
NOx Oxides of nitrogen
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SCR Selective catalytic reduction
Sl Spark ignition

THC Total unburned hydrocarbons
uUsB Universal serial bus
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