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a b s t r a c t

In this study, initially, a single cylinder, naturally aspirated, spark ignition engine was

loaded with AC engine dynamometer and a spark plug type engine transducer was used to

obtain in-cylinder pressure. The test engine was operated with gasoline fuel at full load and

different engine speeds (3100, 3200, 3300, 3400 and 3450 rpm). Secondly, using obtained

engine performance, emission values and in-cylinder pressure, a one dimensional engine

model was built and validated by an engine performance and emission analysis software

(AVL-Boost). After the validation of single dimensional theoretical engine model, a com-

parison was made between the emission, performance and combustion (in-cylinder

pressure, rate of heat release) values of operations with pure hydrogen fuel and such

values of the operations with unleaded gasoline. The emissions of CO and total hydro-

carbons (THC) were negligible with using hydrogen as fuel in SI engine. A dramatic increase

in NOx emissions was obtained with using hydrogen as fuel. However, by using hydrogen

in lean conditions, NOx emissions were taken under control by means of wide flammability

limits of hydrogen.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Rising air pollution caused by energy sources has led to a need

for cleaner energy sources. Fossil fuels meet a large part of

energy needs at the present time. According to the EPA, the

transportation sector was responsible for approximately 23%

of total energy-related CO2 emissions in 2010 [2014, [1]].

Many methods such as fuel cell (FC), proton exchange

membrane fuel cells (PEMFC), electric and hybrid vehicles as

well as partly or fully hydrogen-fueled ICEs have been devel-

oped in order to replace some of the energy needs of petro-

leum fuels. Among these methods, it takes time for electric

vehicles to become broad due to the lack of battery technology

and widespread use of charging stations [2016, [2]]. Fuel-cell

and PEMFC technologies, however, remain very limited due

to the difficulty of purifying hydrogen, their high cost and

service life [2014, [1]]. The use of ICEs is more advantageous

than conventional engines in terms of thermal efficiency and

especially CO and THC emissions.
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Some researchers [2018, [3]], [2018, [4]] have investigated

alternative fuels such as ethanol, biodiesel, CNG, etc. Among

these fuels, hydrogen is the most important alternative fuel

thanks to its physico-chemical properties. Hydrogen has its

own properties, such as a very high diffusion coefficient and

flame speed [2009, [5]]. Because of these features, when used

as an additional fuel or pure, the combustion process ap-

proaches the ideal constant volume cycle thus increasing

thermal efficiency [2009, [6]]. In addition, due to the wide

flammability-limits feature of hydrogen, SI engines can

operate in extremely lean conditions.

Some previous studies on the use of hydrogen fuel at lean

conditions are presented below.

Heffel [2003, [7]] experimentally investigated the effects of

EGR and TWC on NOx and the performance in a 4-cylinder

hydrogen fueled SI engine at 3000 rpm engine speed in

terms of equivalence ratio, hydrogen and EGR. Experiments

were performed between lean burn and stoichiometry con-

ditions. As a result of these experiments, the maximum tor-

que was obtained (94 Nm, 88 Nm respectively) with lean-burn

strategy compared to the EGR when the engine was based on

the knocking limit. While based on NOx emission condition of

about zero, more torque was obtained (88 Nm, 55 Nm

respectively) than the lean-burn strategy with EGR.

Dhyani and Subramanian [2018, [8]] studied the effects of

knocking parameters such as spark timing, injection timing,

and equivalence ratio on the multi-cylinder hydrogen fueled

SI engine at 1500 rpm engine speed. As a result of the study, it

was observed that knock and backfire were related to each

other at high equivalence ratio and that spark and injection

timing of 12� BTDC, 40� ATDC respectively inhibited backfire.

Li and Karim [2004, [9]] studied the equivalence ratio re-

gions in which the hydrogen filled SI engine can operate

without knock, depending on the compression ratio, intake

temperature and spark timing in both modelled and experi-

mental runs. It is seen that compression ratio and intake

temperature have a much greater effect on knock formation

than spark timing.

Verhelst et al., [2009, [10]] conducted an experimental

study on a bi-fuel hydrogen/gasoline engine, in which they

can alter the start of combustion, injection duration and

intake valve timings. They firstly, determined equivalence

ratio threshold for NOx formation at WOT, hydrogen opera-

tion. Then different hydrogen gasoline operations were

compared and analyzed. As result, they observed that

hydrogen operations were more advantageous than gasoline

operations at all speeds and than the loads combinations

(especially at low loads) in terms of brake thermal efficiency,

despite the thermal efficiency reduction of hydrogen opera-

tions at higher loads caused by NOx emissions control.

Some previous studies on the use of hydrogen fuel are

given below.

Different EGR rates (12e47% by mass) at stoichiometric

condition was used in the experimental and numerical

investigation of Kosmadakis et al., [2012, [11]] in order to

decrease NOx emissions and control load of hydrogen fueled

SI engine. CFD code, which includes laminar flame speed

formula that has residual gas term, was also built and vali-

dated. The results showed that the combustion durations

varied between 10o-80o CA by increasing EGR rate. They

concluded that EGR application is more effective on reduction

of NOx emissions than hydrogen lean operation engine load

control.

Nieminen and Dincer [2010, [12]] conducted amodel exergy

study to compare gasoline and hydrogen fuels at the SI engine.

As a result, they observed that hydrogens chemical exergy

turned into more useful work and thus increased second law

efficiency.

Lucas and Richards [1982, [13]] used hydrogen as pure fuel

in idle operation and as supplementary fuel in partial loads in

their research. Under these conditions, the efficiency

increased by 10% and the CO and NOx emissions decreased by

28.3% and 9.8%, respectively.

Ji et al., [2013, [14]] investigated the effects of only hydrogen

and hydrogen addition to SI engine fueled by gasoline during a

cold start. They carried out the tests according to New Euro-

pean Driving Cycle under stoichiometric condition. Hydrogen

was provided by onboard water electrolysis generator during

the experiments. For the first test, the vehicle was operated

with hydrogen fuel for the first 7 s, and then, hydrogen was

gradually reduced down to zero while simultaneously, gaso-

line fraction was being gradually increased up to 100% in the

following 4 s. For the second test process, hydrogen fraction

was kept at 3% by volume after the same transient process

with that of the first test (after 11 s) in order to compare pure

gasoline operation of the first test and hydrogen addition after

cold start. The process can be summarised as below:

� First test: I) 100% hydrogen and zero gasoline operation

(first 7 s), II) gradually reduction of hydrogen down to zero

and gradual increase of gasoline up to 100% operation

(following 4 s) III) 100% gasoline and zero hydrogen oper-

ation (rest of the test).

� First test: I) 100% hydrogen and zero gasoline operation

(first 7 s), II) gradual reduction of hydrogen down to 3% and

gradual increase of gasoline up to 97% operation (following

4 s) III) 97% gasoline and 3% hydrogen operation (rest of the

test).

According to test results, these two procedure provided

reduction in CO and HC emissions but the first procedure

improved CO and HC values by 62.1% (from 1.61 g/100 km to

0.61 g/100 km) and 64.1% (from 0.22 g/100 km to 0.079 g/

100 km) in comparison to only gasoline operation,

respectively.

Some researchers have studied the effect of natural gas or

methaneehydrogen blends as fuel on combustion, flame ve-

locities, performance and emissions. Some of these studies

are presented below.

Huang et al., [2006, [15]] experimentally investigated

laminar flame characteristics of different fractions of natural

gasehydrogeneair blends at different equivalence ratios

(varied 0e100% and 0.6e1.4, respectively) in terms of burning

velocity, flame expansion, flame radius and flame stretch rate.

The experiments were conducted by using a constant volume

bomb, which includes pressure sensor, thermocouple and

electrodes. Their results showed a linear correlation between

flame radius-time for blends that have high hydrogen frac-

tions and a stoichiometric equivalence ratio. A decreasing rate

of increase in the flame radius versus time was obtained for
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blends which have a low equivalence ratio and low hydrogen

fractions. Conversely, there is an increasing rate of increase in

the flame radius versus time for blends that have a high

equivalence ratio and lowhydrogen fractions. Additionally, an

empirical formula of flame speed was proposed by using

experimental data.

Hu et al., [2009, [16]] conducted another study about flame

characteristics of natural gasehydrogeneair blends experi-

mentally and numerically. In this study, the researchers

conducted their investigations with a broader range of

equivalence ratio for rich mixtures. Digital flame photographs

were also used in order to observe flame radius in time. As

their conclusion, laminar burning velocities were analyzed in

three different regimes depending on hydrogen methane

fractions. They obtained similar results in addition to a strong

relationship observed between the H and OH radicals’ con-

centration and burning velocity.

Huang et al., [2007, [17]] experimentally investigated nat-

ural gasehydrogen blends in an SI engine in terms of com-

bustion and HRR values. Their results showed that with a

constant excess air ratio and spark timing, which provides the

maximum engine torque, rich mixtures have higher peak-

pressure and HRR values with natural gas while 10%

hydrogen fraction provides the maximum peaks with stoi-

chiometric and lean mixtures.

A similar experimental investigation was conducted by

Huang et al., [2006, [18]]; however, in this study, the re-

searchers conducted their study with both performance and

emission data of natural gasehydrogen blends combustion.

They found that for a constant excess air ratio and increasing

hydrogen content, decreasing and increasing thermal effi-

ciency trends were obtained before and after a 20% hydrogen

fraction, respectively. Moreover, by increasing the hydrogen

content, HC emissions were decreasing while NOx emissions

were increasing.

Hu et al., [2009, [19]] experimentally investigated the effects

of EGR rates on performance and emissions with natural

gasehydrogen-fueled SI engines. They found that an increase

of hydrogen content in fuel can compensate for an engine

output reduction caused by high rates of EGR operation.

Hu et al., [2009, [20]] investigated the effects of EGR and

hydrogen content in hydrogenenatural gas blends in terms of

combustion characteristics. They found that larger EGR op-

erations cause an increase in flame development, rapid

combustion and total combustion durations, while a higher

hydrogen content provides reduction. Moreover, a higher

hydrogen content in fuel becomes more important at a larger

EGR operation in order to decrease COVBMEP.

Some previous studies on the use of hydrogen as an addi-

tional fuel are provided below.

Ceviz et al., [2012, [21]] studied hydrogen addition to gas-

oline with a spark-ignition engine. They carried out their ex-

periments at 2000 rpm constant engine speed and by using 0%,

2.14%, 5.28% and 7.74% hydrogen fractions by volume as fuel.

The test results showed that the addition of hydrogen pro-

vided improvement in the total brake-specific fuel consump-

tion, HC and CO emissions due to higher flame speed and to

being a fuel without C atoms, while the NOx emissions were

increased.

As mentioned above and seen in the study results, the use

of hydrogen as an additional fuel can improve the thermal

efficiency and improve the CO and THC emissions. The ther-

mal efficiency improvement is further improved due to its

characteristic properties with the pure use of hydrogen, while

CO and THC emissions were almost non-existent. However,

under these operating conditions, NOx emissions were

significantly increased due to high temperatures. Utilizing the

wide flammability limits of the hydrogen [2008, [22]], an

extremely lean airehydrogenmixture can be burned, and NOx

emissions can be controlled. Currently, a hydrogen-fueled

engine which doesn't need a gas throttle is expected to be an

efficient option even though the volumetric efficiency is low,

considering that the importance of low-power and hybrid-

oriented engines as well as hybrid power generation systems

increases.

Operation conditions around stoichiometry or richer are

more advantageous for SI engines in terms of brake power and

the engines’ efficiency [2014, [23]]; however, these conditions

cause more emissions, especially NOx formations [2016, [24]],

which have significant negative effects on human health.

Studies in the literature have showed that hydrogen addi-

tion causes large amount of NOx emissions increase, espe-

cially at full load. On the other hand, it provides decrease in

CO, CO2 and THC emissions thanks to unique properties of

hydrogen in addition to being carbon free fuel. However, it is

observed that the studies, which are focused on SI engines

with extremely lean pure hydrogen operations by benefiting

from wide flammability limits of hydrogen, are not sufficient.

Therefore, hydrogen fueled SI engine operations are investi-

gated at extremely lean conditions in this study.

Thus, hydrogen use as fuel can be a solution for THC, CO

and CO2 emissions, while a lean hydrogen air mixture helps to

keep NOx formations under control owing to a higher flame

speed and broader flammability range of hydrogen fuel. In the

literature, the effects of hydrogen addition to an SI or CI en-

gine on performance and emissions and the effects of

hydrogen addition on lean burn limit improvement has been

extensively investigated. However, studies on the use of

hydrogen as fuel and the effects on performance and emission

characteristics of hydrogen operating conditions are not suf-

ficient. For this reason, the one-dimensional engine model

developed by the light duty SI engine with the experimental

results obtained with the petrol working condition was

confirmed in this study. After confirming the theoretical

model, it was compared to the condition of neat hydrogen

operation and the operation condition of neat gasoline fuel. In

the last phase of the study, the effect of using hydrogen fuels

in SI engines in different air excess coefficients and in lean

and extremely lean conditions, especially to control NOx

emissions, has been theoretically investigated. To put it

briefly, the main purpose of this study is to build an analyzed

and experimentally validated 1-D theoretical model (0-D

combustion model), which produces fast and reliable results

for a hydrogen-fueled SI engine. Another aim of this study is to

determine lean operation parameters in order to suppress a

dramatic increase in NOx caused by hydrogen use bymeans of

wide flammability limits of hydrogen with the help of a built

theoretical model.
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Materials and test methods

Fig. 1 shows the schematic illustration of the test set up of a

single-cylinder SI engine. Single-cylinder, naturally aspirated,

four-stroke, SI engines were loaded with an AC dynamometer

to perform tests. The rest of the test setup consists of exhaust

and emission gas analyses system and data acquisition and

post processing system. The properties of the test setup and

test devices are described in the following sections.

Experimental setup

Tests were carried out on single cylinder, four stroke and

naturally aspirated SI engine. Experiments were carried out

under gasoline engine operating conditions. The gasoline flow

rate was measured by a miniature oval gear flow meter. In

addition, with the gravimetric method, 0.1 gr. the consump-

tion of the fuel in the fuel tank was measured by means of the

scale with precision, and the fuel consumption was verified.

Introduced intake air measurement was performed with a

thermal mass flow meter. An AC dynamometer and resistive

load banks were used in order to load SI engine. Emission

measurement was performed with an AVL Digas 4000 tailpipe

emission analyzer. The AVL Digas 4000measured CO and THC

emissions using the infrared method while NOx emissions

were achieved using the electrochemical method. On the

other hand, CO emission values obtained were on volume%

basis while NOx and THC emission values obtained are given

in terms of ppm. As the engine power values changed in the

experiments due to having operated at different cycles, the

values obtained were converted into specific emission values

taking VDMA exhaust emission legislation into consideration.

The engine speedwasmeasured by the proximity type sensor.

In addition, an incremental type encoder was used to deter-

mine the crank angle and piston position. Cylinder pressure

data was measured with the aid of the spark plug type cylin-

der pressure sensor. Also, combustion analysis was per-

formed with a Kistler Kibox combustion analyzer.

Engine specs and dynamometer features

Single-cylinder, 4-stroke, naturally aspirated, light duty type

spark ignition engine was used as the test engine. The engine

was loaded with an AC dynamometer connected directly to

the SI engine. The SI engine and the engine dyno specifica-

tions are presented below in Table 1. All tests were performed

at Internal Combustion Engines Laboratory of Yildiz Technical

University.

Modelling of the test engine

In operation, the single-cylinder, four-stroke, naturally aspi-

rated engine was modelled as one-dimensional with the aid of

Boost software. The one-dimensional (1-D) model developed

with the Boost software of the test engine is given in Fig. 2. The

Woschni heat transfer model was used in this study and the

same parameters were used for all engine speeds of gasoline

operations. However, revised parameters are used for different

equivalence ratios of hydrogen operations by taking quenching

Fig. 1 e Schematic diagram of engine test system.
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distance into consideration since quenching distance (and

hence, thermal boundary) of hydrogen is thinner than that of

gasoline. Moreover, the quenching distance of hydrogen in-

creases by increasing the air excess ratio. The Vibe two-zone

combustion model used was verified with the help of the

experimental data obtained. The start of combustion, com-

bustion duration and shape parameter of the gasoline-fueled

model are determined by a normalized heat release rate

calculated from pressure data which were obtained by labo-

ratory engine test results. The formulations used to calculate

heat release rate values can be seen in the ‘Data Reduction’

section. For hydrogen-fueled modelling, the start of combus-

tionwas delayed by taking themaximumbrakemean effective

pressure into consideration. Combustion duration and shape

parameters were determined based on the previous studies

and by using flame speed values of the hydrogen combustion

process. The results of theoretical and experimental data ob-

tained using gasoline are given in Table 2. From the obtained

results, the maximum error rate was observed in THC emis-

sion and found to be 6.02% of the measured value. The com-

parison of experimentally obtained pressure data and heat-

release rates is given in Fig. 3 for engine speed of 3300 rpm.

The results show that in-cylinder pressure data and normal-

ized heat-release rate data were superimposed. This seems to

be acceptable for the model validation.

In Fig. 3, a proportionally high difference between theo-

retical and experimental in-cylinder pressure values, which

are gathered at intake and the beginning of compression time,

is shown. Although the pressure data received at intake and

the beginning of compression through the cylinder has very

low values, the pressure sensor used in this study is designed

to perform high pressure measurements. Moreover, the spark

plug-type pressure sensor had to be located vertically due to

constructive restrictions such as water channels. Therefore,

the error ratio is relatively large in proportion to the pressure

values obtained from the simulations, especially at the intake

time. This difference is predicted not to cause a fault in the

examination of the engine performance, emissions and

combustion processes, since it occurs at the time of intake.

Data reduction

The followings are calculation methods used for engine per-

formance, specific emissions and heat release rate values.

Brake engine torque equation can be obtained as shown in

Eq. (1) can be calculated by using load cell data.

Me ¼ F:L (1)

where, F is force value which was obtained from load cell and

L is distance between dynamometer axis and applying force

axis through the load cell.

By use of brake engine torque value, brake engine power

(Ne) can be calculated as given in Eq. (2) [25].

Ne ¼
2pn

60
Me (2)

where, Me is brake engine torque (Nm) and n is the engine

velocity (rpm).

Brake mean effective pressure (BMEP) (MPa) value can be

reached as in Eq. (3).

BMEP ¼ Me
4 : p

VH
(3)

where, VH is engine swept volume (cm3).

Brake thermal efficiency can be calculated as given in Eq.

(4) [26].

BTE ¼
Ne

_mf � LHVf
(4)

where, BTE is brake thermal efficiency, _mf is mass flow rate of

gasoline or hydrogen (kg/s) and LHVf is lower heating values of

gasoline or hydrogen (kJ/kg).

Below Eq. (5) is used in order to calculate gasoline equiva-

lent brake specific fuel consumption values [27].

Fig. 2 e One dimensional model of the test engine in Boost

software.

Table 2eComparison and validation of experimental and
theoretical emission and performance results.

Experimental Simulation Error %

Max pressure [bar] 29.918 29.041 2.93

Max HRR [�] 0.02682 0.02749 2.49

BTE [%] 23.646 23.99 1.46

CO [g/kWh] 176.39 168.45 4.5

THC [g/kWh] 7.64 7.18 6.02

NOX [g/kWh] 0.598 0.611 2.17

Ne [kW] 6.15 6.38 3.74

Table 1 e The SI engine and dyno specifications.

Engine specs

Manufacturer company Honda

Number of cylinders 1

Compression ratio 8.5:1

Cooling Air

Bore � stroke [mm] 77 � 58

Cylinder volume [cm3] 270

Net power [kW] 6.3/3600 rpm

Recommended speed range [rpm] 2000e3500

Aspiration Natural

Dyno Specs

Power [kW] 8
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BSFC ¼
_nf* _rf

Ne

3600

1000

LHVf

LHVg
(5)

where, _nf (cm
3) and _rf (kg/m

3) are volume flow rate and density

of fuel, respectively. LHVf and LHVg (MJ/kg) lower heating

va1ue of fuel and lower heating value of gasoline, respectively.

Cylinder volume can be calculated as given in Eq. (6)

below [28].

V ¼
VH

2

h

ð1� cosaÞ þ
4

4
ð1� cos2aÞ

i LHVf

LHVg
(6)

where, a is crank position (rad) and 4 is crank radius-

connecting rod length ratio.

Rate of heat release was obtained as given in Eq. (7) [29].

_Q ¼
k

k� 1
P
dV

dq
þ

k

k� 1
V
dP

dq
(7)

where, _Q is heat release rate (HRR) (J/oCA) and k is working

mixture polytrophic index. Also, normalized values were used

in themanuscript. This equation was used solely to pass from

experimental pressure data to normalized heat release rate

values.

Heat release rate values were obtained by using vibe

function as shown in EqS. (8)e(10) [30].

dx

da
¼

a

Dac
ðmþ 1Þym e�a yðmþ1Þ

(8)

dx ¼
dQ

Q
(9)

y ¼
a� a0

Dac
(10)

where, Q is total fuel heat input, a is crank angle, a0 is crank

angle at the beginning of combustion, Dac is combustion

duration, m is shape parameter, a is Vibe parameter which is

equal to 6.9 for complete combustion as a property of Vibe

function [30]. The parameters of Vibe function were approxi-

mated by also using mass fraction burned equation of Vibe.

Air excess ratio of eventual fuel blend (gasoline or

hydrogen) can be calculated by using Eq. (11) written as fol-

lows [23].

l ¼
_nair rair

_nf rf AFst;f
(11)

where, l is air excess ratio of fuel blend, _nair and rair are air flow

rate and density, respectively,AFst;f andAFst;g is stoichiometric

air-to-fuel ratio of fuel (gasoline or hydrogen).

Specific exhaust gas emissions were obtained on volume

basis using gas analyzer. Using flow rate of tailpipe gases, the

specific exhaust gas emission values can be realized. The

tailpipe gas flow rate can be obtained adding intake air and

consumed fuel flow rates as given in Eq. (12) [31]. Therefore,

specific emissions EPi (pollutantmass, i, referenced to Peff) can

be realized as given in Eq. (13) [31].

_mexh ¼ _mint þ _mf (12)

EPi ¼ EVi
Mi

Mexh

_mexh

Ne
(13)

where, _mexh and _mint is mass flow rates of exhaust gases and

intake air (g/h), EPi is specific emission value (pollutant mass,

i, referenced to Peff) of gases (g/kWh), EVi is relevant gases

quantity (exhaust emission value of components, i, as volume

share (ppm or %)) in proportion to total exhaust gases and Mi

and Mexh are molar mass of relevant gases and exhaust gases

(kg/kmol), respectively.

Kline and McClintock analysis [32] was used to calculate

total uncertainty WR as in Eqs. (14) And (15).

ðWRÞP; B ¼

"

�

vR

vx1
w1

�2

þ

�

vR

vx2
w2

�2

þ…þ

�

vR

vxn
wn

�2
#
1 =

2

(14)

where, ðWRÞP; B is the propagated uncertainty, x1, x2, …,xn are

the measured variables and w1, w2, …wn are the uncertainty

values of the variables.

Therefore, the total uncertainty WR is calculated with Eq.

(15):

Fig. 3 e a) Comparison and validation of experimental and simulation results of a) in-cylinder pressure and b) normalized

heat release rate.
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WR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðWRÞP
2 þ ðWRÞB

2
q

(15)

where, ðWRÞP is precision error function and ðWRÞB is sys-

tematic (Bias) error function.

Investigation procedure

In the research carried out, engine tests were firstly carried

out with 4-stroke, single-cylinder, naturally aspirated SI en-

gine at different engine speeds (3100 rpm, 3200 rpm, 3300 rpm,

3400 rpm and 3450 rpm), full load and stoichiometry by neat

gasoline fuel. All tests were performed at Internal Combustion

Engines Laboratory of Yildiz Technical University. Then, the

one-dimensional (1-D) mathematical model was developed by

using AVL Boost software and verified with the experimental

in-cylinder pressure, normalized heat release rate, brake

thermal efficiency, brake engine power, CO, THC and NOx

data. The validated mathematical model was used to obtain

stoichiometric and lean conditions of hydrogen operations

results. In order to provide maximum brake mean effective

pressure and considering higher flame speed of hydrogen fuel,

ignition timing was delayed 3.5o CA during hydrogen opera-

tion. Afterwards, in the last stage of the study, lean conditions

with 1.5 and 2 air excess ratios thanks to broader flammability

limits of hydrogen fuel was investigated in order to control the

predicted increase in NOx emissions caused by the hydrogen

use. By taking maximum brake mean effective pressure into

consideration, ignition timing should be advanced by

increasing air excess ratio of hydrogen fuel due to slower

combustion. However, the same ignition timing was chosen

for three air excess ratio of hydrogen fuel in order to provide

sufficient reduction in NOx emissions. Moreover, the total

measurement uncertainty was obtained using the Kline and

McClintock method as shown in Table 3.

Results and discussion

As for the first part of this section, we compared the brake

engine torque, brake engine power, brake mean effective

pressure, brake thermal efficiency, brake specific fuel con-

sumption, CO, THC and NOx data obtained by one dimen-

sional model with the use of hydrogen fuel only and gasoline

fuel only. Obtained results showed that, the use of hydrogen

fuel in the stoichiometry operating conditions resulted in a

dramatic increase in NOx emissions. Therefore, in the last

phase of the work, lean operation conditions with hydrogen

fuel (thanks to the wide flammability limits of hydrogen fuel)

was investigated by using engine model built in AVL Boost

program. Simulations were executed at 3300 rpm constant

engine speed, with 1, 1.5 and 2 air excess ratios. Thanks to

improved thermal losses due to thicker thermal boundary of

leaner hydrogen mixture in addition to high flame speed and

wide flammability limits of hydrogen fuel, it was predicted

that BTE would increase and engine power and torque re-

ductions would not be significant at extremely lean hydrogen

operations in comparison with that of pure gasoline

operation.

Engine torque values of gasoline and hydrogen fuel oper-

ations with AVL software at different engine speeds are given

in Fig. 4. As seen in the figure, the maximum brake engine

torque values of gasoline and hydrogen operations occurred at

3100 rpm and 3200 rpm engine speeds, respectively. Addi-

tionally, the maximum brake engine torque difference be-

tween gasoline and hydrogen fuel resulted in 16.1% at

3100 rpm engine speed. Brake engine torque values were

reduced due to the low energy density of the hydrogen fuel in

volume, similar to the brake power results.

Fig. 5 shows the results of the brake engine power obtained

with the help of the 1-D model as a result of working with

gasoline and working with hydrogen fuel at different engine

speeds. In the analysis results, it was found that the brake

engine power was significantly reduced by working under the

stoichiometry condition with hydrogen fuel. The maximum

difference in the value of the brake engine power was

observed at 3100 rpm engine speedwith hydrogen use, a 16.1%

decrease was obtained in comparison to the gasoline fuel

condition. As a result of the study, the LHV of hydrogen is

lower than that of gasoline in volume due to the low density,

therefore, engine power was decreased at stoichiometric

operation.

The effects of hydrogen fuel use on brake mean effective

pressure values at different engine speeds are shown in Fig. 6.

Analyses results revealed that BMEP values were decreased by

Table 3 e Accuracy values of test devices and obtained
total uncertainties.

Parameter Device Accuracy

Engine speed Incremental encoder ±5 rpm

In-cylinder pressure Kistler 6118B ±0.3 bar

Gasoline flow rate Biotech VZS-005 ±1% (of reading)

CO AVL Digas 4000 0.01% Vol.

THC AVL Digas 4000 1 ppm

NOx AVL Digas 4000 1 ppm

Calculated results Uncertainty value

Brake thermal efficiency ±1.18 ÷ 1.32%

Fig. 4 e Comparison of brake engine torque values at

different engine speeds with gasoline and hydrogen fuel at

stoichiometry.
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using hydrogen as fuel under the stoichiometric condition.

Trends of BMEP variations by engine speed and BMEP decrease

during hydrogen fuel use show similarities to those of engine

power values since BMEP is one of the main parameters of

engine power. The maximum reduction of BMEP was 16.1%

and it occurred at a 3100 rpm engine speed. Lower energy

density of hydrogen in volume caused the decrease in brake

mean effective pressure since the same cylinder volume was

filled with fuels under stoichiometric conditions

(VH ¼ 270 cm3). The same proportional reductions were

observed in engine torque, engine power and BMEP (as can be

calculated with Eqs. (2) And (3) which were stated in Data

Reduction section (Ne ¼ 2pn
60 Me; BMEP ¼ Me

4 : p
VH

)) at 3100 rpm

engine speed, since these three parameters are directly pro-

portional in the case of the same engine speed (n ¼ 3100 rpm).

Fig. 7 shows the results of brake thermal efficiency ob-

tained with the one-dimensional model as result of working

with gasoline and working with hydrogen at different engine

speeds. The analysis results show that the brake thermal ef-

ficiency is significantly improved by hydrogen fuel at full load

and under the stoichiometry condition. According to the re-

sults, the use of hydrogen fuel resulted in themaximum brake

thermal efficiency increase of 3.7% at engine speed of

3450 rpm. The reason for the improvement in the brake

thermal efficiency value was that the combustion approaches

the ideal constant volume process in the thermodynamic

cycle with the help of high flame speed of hydrogen [33],

which is resulted in higher maximum pressure and lower loss

of work (area) on indicator diagram.

Fig. 8 shows brake-specific fuel consumption values of

gasoline and hydrogen fuel operations at different engine

speeds. Fuel consumption values of hydrogen operation re-

sults were calculated as gasoline equivalent in order to

compare different fuels. As seen in Fig. 8 and 328 g/kWh and

318 g/kWh minimum brake-specific fuel consumption values

were obtained at 3100 rpm engine speed during gasoline and

Fig. 5 e Comparison of brake engine power values at

different engine speeds with gasoline and hydrogen fuel at

stoichiometry.

Fig. 6 e Comparison of brake mean effective pressure

values at different engine speeds with gasoline and

hydrogen fuel at stoichiometry.

Fig. 7 e Comparison of brake thermal efficiency values at

different engine speeds with gasoline and hydrogen fuels

at stoichiometry.

Fig. 8 e Comparison of brake specific fuel consumption

values at different engine speeds with gasoline and

hydrogen fuels at stoichiometry.

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 x8

Please cite this article as: Karag€oz Y et al., Investigation of hydrogen usage on combustion characteristics and emissions of a spark
ignition engine, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.01.147



hydrogen fuels operations, respectively. On the other hand, a

3.53% maximum reduction in BSFC occurred by using

hydrogen as fuel at 3450 rpm engine speed. The reduction in

BSFC was caused by thermal efficiency improvement with the

help of rapid combustion of hydrogen, which is more similar

to constant volume combustion.

Fig. 9 gives a comparison of the CO emission values, which

were only found under gasoline fuel operating conditions, at

different engine speeds. CO emission during hydrogen fuel

operations were merely noticeable. The results showed that a

significant decrease in the brake-specific CO emissions was

obtained by the use of hydrogen. As result of hydrogen fuel

operations at 3100, 3200, 3300, 3400 and 3450 rpm engine

speeds, specific CO emissions were reduced by 11.5, 9.9, 10.9,

9.7 and 8.3 times, respectively, when compared to gasoline

fuel operations. This is due to the fact that hydrogen is a fuel

that does not contain C atoms; however, the engine model

used in this study was built so that some amount of lubricant

on the walls would be included in the combustion process.

Therefore, CO emissions existed because of the combustion of

some lubrication oil in the combustion chamber.

A comparison of the THC emission values, which were

revealed under operating conditions with gasoline and con-

ditions with hydrogen fuels at different engine speeds, are

presented in Fig. 10. As a result of the executed analysis,

specific THC emission values were close to 0 with the use of

hydrogen fuel. The THC values obtained using hydrogen were

very low due to the lubricating oil. The improvement in brake-

specific THC emission values is normal and resulted from the

combustion of lubricant asmentioned previously, because the

hydrogen is a fuel that does not contain C atoms.

Fig. 11 presents a comparison of NOx emissions valueswith

gasoline and hydrogen at different engine speeds. From the

results obtained, the dramatic increase in NOx emissions by

the hydrogen use cannot be prevented. The maximum in-

crease in NOx emissions with hydrogen fuel was tested to be

99.5% at engine speed of 3200 rpm. The minimum increase in

NOx emissions was reached at 3300 rpm engine speed by

83.6%. The main reason for the aggressive increase in NOx

emissions was a result of high peak in-cylinder temperature

values due to higher flame speed of hydrogen at stoichio-

metric conditions than that of gasoline.

Table 4 shows performance and emission parameters

values and % differences between gasoline and hydrogen fuel

operations at the engine speeds at which the maximum dif-

ferences were occurred.

Fig. 12 shows the results of operation with gasoline at

stoichiometry and hydrogen at different air excess ratios

(l¼ 1, l ¼ 1.5, l¼ 2). As mentioned before, ignition timing was

delayed during hydrogen use in comparison with gasoline

operation. But ignition timing was not advanced by increasing

air excess ratios in order to suppress NOx emissions suffi-

ciently. Performance and emission results shown in Fig. 12 are

brake engine torque, brake engine power, brake mean effec-

tive pressure, brake thermal efficiency, brake specific fuel

consumption, brake specific CO emissions, brake specific THC

emissions and brake specific NOx emissions values,

Fig. 9 e Comparison of CO emission values at different

engine speeds with gasoline and hydrogen fuels at

stoichiometry.

Fig. 10 e Comparison of THC emissions values at different

engine speeds with gasoline and hydrogen fuels at

stoichiometry.

Fig. 11 e Comparison of NOx emissions values at different

engine speeds with gasoline and hydrogen fuels at

stoichiometry.
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respectively. From the results obtained, it was determined

that the brake engine torque and brake engine power value

decreased with an increasing excess air ratio value of

hydrogen, and the maximum decrease in brake mean effec-

tive pressure, brake engine torque and power reached to

44.8%, as seen in Fig. 12. The increased air excess ratio was

responsible for the torque and power drops due to a lower

amount of hydrogen which can be taken by the cylinder per

cycle, in comparison to that of low air excess ratios. To be

more precise, when the excess air ratio equals to 1.5 and 2,

hydrogen mass values taken into cylinder per cycle reduce by

26.35% and 41.71%, respectively, compared to excess air ratio

of 1. The brake mean effective pressure also decreased with

increasing excess air ratio for a similar reason as that of brake

engine torque and power. On the other hand, there was a

slight improvement in brake thermal efficiency with

increased excess air ratio by the hydrogen use. With the

excess air ratio of 2, the improvement in brake thermal effi-

ciencywas up to 4.7% compared to that of gasoline fuel. In this

study, the simulations were executed at full load and under

stoichiometric conditions, which are better conditions for

gasoline combustion in terms of brake thermal efficiency.

Hence, it can be predicted that BTE improvement of hydrogen

fuel compared to gasoline fuel would be more significant at

partial loads [1], since a higher flame speed and completed

combustion of hydrogen are less sensitive to in-cylinder

temperature decrease and flame out. Increased air excess

ratio and oxygen concentration lead hydrogen flame speed to

reduce slightly and BTE can be supposed to decrease. How-

ever, the peak BTE region of hydrogen fuel is further to the

lean mixtures [34]. This can be explained by the fact that

during an excess air ratio increase, wide flammability and

higher burning velocity of hydrogen keep flame speed reduc-

tion at very low levels [5], while lean hydrogen combustion

improves thermal losses due to increasing quenching dis-

tance and a thicker thermal boundary [22]. These effects lead

BTE of hydrogen combustion to improve until further lean

mixtures [35,36]. Hence, from 1 to 2 excess air ratios, brake

thermal efficiency was slightly improved. As shown in Fig. 12,

gasoline equivalent brake specific fuel consumption trend

occurred as opposed to the BTE trend. The use of hydrogen

with 2 excess air ratio was provided by a 4.7% maximum

improvement in BSFC at 3300 rpm engine speed. On the other

hand, no significant improvement in CO emissions was

observed with the hydrogen operations in the different air

excess coefficients. Specific CO emissions, which were

obtained during excess air ratio of 1, 1.5 and 2 operations, were

reduced by 10.9, 11.2 and 11.1 times, respectively, compared to

gasoline fuel operations The reason for this is that CO comes

from burning the lubricating oil, which was released due to

the presence of C atoms. Likewise, no significant change in

THC emissions was observed by the change in the air excess

coefficient. However, notable improvements occurred in NOx

emissions due to the air excess coefficient. The biggest reason

for this is the combustion of hydrogen under extremely lean

conditions with an increased air excess coefficient. Thus, NOx

emissions can be controlled by reducing the in-cylinder peak

temperatures by increasing air excess ratio. The use of

hydrogen increased NOx emissions by 83.6% under stoichi-

ometry. However, when the value of the excess air ratio was

increased to 1.5, it was only a 20.1% increase in specific NOx

emissions compared to the gasoline condition. As a result of

the air excess ratio reaching 2, specific NOx emissions

decreased by 1.1%, which means improvement in NOx emis-

sions compared to the condition of using gasoline only.

Briefly, 1.1% decrease in NOx and 4.7% increase in BSFC were

obtained by increasing air excess ratio up to 2, while engine

power reduction was 44.8% compared to gasoline operation.

The mentioned decrease in engine power is acceptable and

still useful especially in hybrid systems with low-powered

engines since BSFC and NOx were improved.

Fig. 13 shows the variations of in-cylinder pressure,

normalizedheat-release rate, in-cylinder temperature and PeV

diagram under stoichiometry with pure gasoline, at stoichi-

ometry and lean conditions with hydrogen. As can be seen in

Fig. 13.a, the ignition timing was delayed 3.5o CA with the

hydrogen fuel operation by taking higher flame speed of

hydrogen into consideration in order to obtainmaximumbrake

mean effective pressure. According to the results, it was found

that even though therewas a lower hydrogen energy content in

cylinder per cycle compared to gasoline, peak pressure values

of hydrogen fuel operation were higher than that of gasoline

operation at l ¼ 1 and l ¼ 1.5 due to a wide flammability range

and high flame speed of hydrogen. However, when l reaches 2,

the peak pressure value of hydrogen operation drops below the

gasoline peak pressure at 3300 rpm engine speed. Accordingly,

a similar trend occurred for in-cylinder temperature values,

which led NOx emissions in the hydrogen operation to drop

below NOx emissions in the gasoline operation under l ¼ 2

condition [37]. Likewise, the normalized heat release rate

values alsodecreasewith increasingair excess ratio. This is due

to the increase of the air excess ratio and the decrease of the

Table 4 e Performance and emission parameters differences between gasoline and hydrogen fuel operations at the engine
speeds of the maximum differences were occurred.

Parameters Engine speed
(for the maximum difference) [rpm]

Gasoline
fuel results

Hydrogen
fuel results

Difference [%]

Me [Nm] 3100 18.30 15.37 �16.1

Ne [kW] 3100 5.94 4.99 �16.1

BMEP [MPa] 3100 0.85 0.72 �16.1

BTE [%] 3450 23.54 22.71 3.7

BSFC [g/kWh] (Gasoline equivalent) 3450 356 344 �3.53

CO [g/kWh] 3100 198 negligible e

THC [g/kWh] 3450 9.67 negligible e

NOx [g/kWh] 3200 1.211 0.607 99.5
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Fig. 12 e a) Brake torque values, b) Brake power values, c) Brake mean effective pressure d) Brake thermal efficiency values,

e) Brake specific fuel consumption (gasoline equivalent) f) Brake specific CO emission values, g) Brake specific THC emission

values and h) Brake specific NOx emission values with gasoline at stoichiometry and hydrogen at different excess air ratios.
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energy value introduced into the cylinder per unit cycle and the

decrease of the combustion speed. Also, using hydrogen, the

combustion period approaches an ideal constant volume heat

inputprocess owing touniquepropertiesofhydrogen, as canbe

seen in the PeV diagram.

Conclusion

In the study conducted, the theoretical model, which was

developed by using AVL Boost software, was validated with

the experimental results in the first stage with gasoline fuel at

stoichiometry. Then, results obtained through the analyses of

pure hydrogen fuel and pure gasoline fuel operations under

stoichiometric condition, full load and different engine speeds

(3100 rpm, 3200 rpm, 3300 rpm, 3400 rpm and 3450 rpm) were

compared. Since the dramatic increase in NOx emissions

couldn't be avoided, the air excess ratio of hydrogen fuel was

changed, and the analysis was performed up to 2 air excess

ratios at a constant engine speed of 3300 rpm by means of

wide flammability limits and higher flame speed of hydrogen.

Afterwards, these latest results were also compared with

those of a baseline fuel of gasoline. Concluding remarks of the

present study are as follows:

� An acceptable difference between pressure and normal-

ized heat release rate values of experimental and theoret-

ical results were obtained with gasoline fuel. The other

performance and emission results were also adequately

overlapped, with the exception of THC. Apart from THC

emissions, the maximum error rate was 4.5% and was

observed at CO emission value.

� The simulation results showed that the use of hydrogen fuel

improved brake thermal efficiency at different engine speeds

even though thebrakepower valuehasdecreased. Emissions

of CO and THC were close to zero; however, a dramatic in-

crease of up to 99.5% of NOx emissions were not prevented.

� At the last stage of the study, dramatic increase in NOx

emissions was eventually suppressed by using extremely

lean (l ¼ 2) hydrogen operation. Although the air excess

coefficient reached 2, the brake thermal efficiency value

obtained was higher than that of gasoline.

� At 3300 rpm constant engine speed and the extremely lean

operation conditions with hydrogen fuel, 1.1% and 4.7%

improvements were obtained in NOx and BSFC, respec-

tively, while 44.8% reduction was obtained in engine power

compared to gasoline operation. However, it was concluded

that this extremely lean hydrogen fueled engine is useful

for hybrid systems as a clean (negligible CO and THC, lower

NOx in compared to that of gasoline) power source, since

some hybrid systems require low-powered ICEs.
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Nomenclature

BMEP Brake mean effective pressure

BSFC Brake specific fuel consumption

BTE Brake Thermal Efficiency

BTDC/ATDC Before/After top death center

CA Crank angle

CI Compression ignition

CNG Compressed natural gas

CO Carbon monoxide

CO2 Carbon dioxide

DC/AC Direct current/Alternative current

EGR Exhaust gas recirculation

FC Fuel Cell

HC Hydrocarbons

HRR Heat Release Rate

ICEs Internal combustion engines

LHV Lower heating value

NOx Oxides of nitrogen

PEMFC Proton Exchange Membrane Fuel Cell

RPM Repeat per minute

SI Spark ignition

TDC/BDC Top/Bottom Death Center

THC Total unburned hydrocarbons
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