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ABSTRACT

In the near future, hydrogen will be required to supplement and eventually
replace rapidly diminishing hydrocarbon fuels resources for internal combustion
engines. Engine variables effects like compression ratio, equivalence ratio, spark timing
and speed on combustion properties, engine performance were studied in this paper,
when hydrogen supplemented natural gas is used in variable compression ratio, single
cylinder Ricardo E6 engine.

The results show that adding hydrogen to natural gas increase compression ratio, brake
power and indicated thermal efficiency. Also this addition reduces brake specific fuel
consumption, volumetric efficiency and exhaust gas temperatures. Optimum spark
timing is retarded with adding hydrogen to NG.

Keyeords: NG, hydrogen, equivalence ratio, compression ratio, brake power,
specific fuel consumption, indicated thermal efficiency, exhaust gas temperature.
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NOMENCLATURE
[air] molar concentration of air
bsfc brake specific fuel consumption
BTE brake thermal efficiency
BDC bottom dead centre
°BTDC degree before top dead centre
CR compression ratio
[H] molar concentration of hydrogen
HUCR higher useful compression ratio
HVF hydrogen volume fraction
Lcv fuel lower calorific value
[NG] molar concentration of natural gas
OSsT optimum spark timing
SIE spark ignition engine
TDC top dead centre
T, fuel massflow rate (kg/s)
L T actua air mass flow rate

s, theoretical air mass flow rate
Myth, brake thermal efficiency
Py fuel density (kg/m®)
V.., Swept volume
Q. total fuel’s heat

INTRODUCTION

Pressure for more convenient and environmental acceptance fuels has resulted in an
accelerated demand for supply of gaseous fuels throughout the industrialized countries of the
world (Moreno, 2010). The energy demand continue to increase, threats of block off, rationing,
and the relations of pollution regulations are hard evidence that source of the premium fossil
fuels are finite (Das, 2000). Various investigations have been carried out to explore the
possibilities of the use of alternative fuels, or new engine design. The fuels that appear to offer
an attractive potential in this respect are natural gas and hydrogen (Shasby, 2004).
Natural gasis consisted of methane (CH,) primarily, but frequently contains trace amounts of
ethane, propane, nitrogen, helium, carbon dioxide, hydrogen sulfide and water vapors; natural
gasis produced from gas wells or tied in with crude oil production (Chaichan, 2003).
Currently natural gas is distributed across the world through large pipelines, but can also be
transported with trucks, barge or trains. Natural gas can be stored or used as compressed
natural gas (CNG) or liquefied natural gas (LNG) (Suryawanshi, 2011 & Ding, 1986).
Much attention has been paid for hydrogen, a reproducible and clean future fuel. Compared
with hydrocarbon fuels, hydrogen has the following properties:
1. Hydrogen is aremarkable light gaseous fuel that requires on volume basis the least amount
of air for stoichiometric combustion (2.39 verses 59.6 for Isooctane), while on mass basis it
require the highest relative mass of air (Karim, 2003).
2. Hydrogen hesating value on mass basis is the highest, but on volume basis it is the lowest.
Hydrogen is an energy carrier like electricity and not a fuel by itself, and has to be produced
from other energy sources. Hydrogen has low mass density per unit volume. Hydrogen has
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high energy density which is 2.7 times than NG or gasoline on mass basis (White, 2006 &
Steefan, 2004).

3. Higher flame propagation rate, effectively reducing the period of combustion during
expansion stroke and also reducing losses during combustion, particularly at higher engine
speeds (Szwaja, 2007 & Chaichan, 2006).

4. Lower ignition energy, favorable to ignition in Otto cycle engines, but making pre-ignition
and backfire in fresh charge more likely (Shuli, 2007).

5. Wider ignition limits with much wider changesin the air/fuel ratios of the mixture (Erjiang,
2009). The engine power output and speed can, therefore, be adjusted by supplying different
air/fuel ratio mixtures, instead of changing the charge density and throttling, thus leading to
decrease in pump losses and in increase in thermal efficiencies under partial load conditions
(Orhan, 2004).

Many researchers studied hydrogen supplementation to NG (Thurnheer, 2009; Wang, 2009 and
Das, 2005), they found that hydrogen which characterized with its wide combustion limits and
high burning velocity at lean mixtures, when added to NG increased engine fuel economy, and
reduced engine emissions.

The objective of the present study is to clarify the effect of hydrogen addition on the burn of
natural gas combustion at various engine speeds and spark timing. Tests were conducted on a
single cylinder spark ignition engine using variable premixed ratios and hydrogen fractions -
NG mixtures at full load.

EXPERIMENTAL TECHNQUE

The engine used in these investigations was 4 stroke single cylinder, with variable
compression ratio, spark timing, A/F ratio and speed Ricardo E6. The engine specifications are
listed in Table 1. The engine is connected to electrical dynamometer, and lubricated by gear
pump operated separately from it. The cooling water circulated by centrifugal pump. Fig. 1
represents a schematic diagram for the testsrig.

NG supply systems: This system consist of NG high pressure cylinder, fuel drier, solenoid
valve, NG carburetor, gaseous fuel flow measuring device (orifice plate), damping box.
Hydrogen supply system: Hydrogen was drawn from a high-pressure cylinders; this pressure
was reduced to one atm through a pressure regulator. It was then passed through a control
valve for regulating the amount of gas, the gas mass flow rate was metered using chocked
nozzles meter, which also was used as a flame trap to arrest and control flash back if any.

Air flow measurement: Air interring the engine was measured by Alock viscous flow meter
connected to flame trap.
Speed measurement: Engine speed was measured by calibrated tachometer.
Power measurement: The electric dynamometer was used to measures indicated power, brake
mean effective pressure and friction lost power. In addition of it was used to measure power; it
is used as electric motor also, to rotate the engine in the starting.

Exhaust gas temperatures measurement: Exhaust gas temperatures were measured by
calibrated thermocouple type K (nickel chrome/ nickel aliumel).
Tests were also conducted to determine the engine output and fuel economy with natural gas
and with various degrees of hydrogen supplementation. Mixture equivalence ratios were varied
over awide range while hydrogen volumetric fraction (hydrogen volumetric fraction is defined
asthe ratio of the hydrogen volume to the total volume of hydrogen and natural gas used, that’s
mean HVF= Vo/(Vu2+Vcha) varied from 20% to 100% hydrogen. HUCR and OST were
used in studying wide range of equivalence ratios. All tests were carried out at wide open
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throttle and at engine speed 25 rps, except those for studying speed effect. In all experiments
bottled hydrogen was used as a supplementary fuel.

Analysis
The following equations were used in calculating engine performance parameters

(Keating, 2007):
1- Brake power

2o=N=T
P = Goe1000 kW D)
2- Fuel mass flow rate
. 755 106 T
. m-lr = L'::;DD ® E‘:Ii';'.e E.Hrsgc (2)
3- Air mass flow rate
mc_cft. = = -.';:;:-5‘5 * _I'-'"z:ir_ ::'%r (3)
. N L
Mg hes Von ® Ex Puair :& €))
4- Brake specific fuel consumption
_mf kg
bsfe =72 x 3600 = (5)
5- Total fuel heat
Q. =y X LCV kW (6)
6- Brake thermal efficiency
Mot = X 100 % ™

7- Equivalence ratio for duel fuel (Abdul Haleem, 2007):

[NE]
. 3 [H.
[air] ——mr
_ (= [air])
0= E’[Ji E"} = (8)

\[air] g,

Materials

The engine was operated with NG and pure hydrogen. In practice, much of the gaseous
fuels available are usually mixtures of various fuels and some diluents, constituents that can
vary widely in nature and concentration, depending on the type of fuel and its origin. In this
work NG used was produced from Iragi Northern Gas Company; consist of 86.23% methane,
11.21% ethane, 2.15% propane, 0.15% isobutane, 0.17% n. butane and 0.03% pentane.
Hydrogen produced from Al-Mansur Company with 99.99% purity. Table 2 gives some
hydrogen and natural gas properties.

Error analysis

All measurements have some degree of errors that may come from a variety of sources.
The process of evaluating these errors called error analysis or uncertainty analysis. The level of
confidence associated with the measured values should be included within the complete
statement of these values. All measuring devices were calibrated at The Central Organization
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for Measurements and Quality Control (Baghdad), and there accuracies were defined.
Thermocouples were calibrated using similar calibrated thermocouples. All flow meters (air
flow meter, NG floe meter and hydrogen flow meters were calibrated using suitable calibrated
orifice for measuring range. Figures 2 & 3 represent the calibration curves. The experimental
accuracies of the measuring devices that were used in present study are shown in table 3.

The uncertainty in the resultsis calculated by the equation (ASHREA, 1986):

(ag )2+(ag )z—l- +(6R ):
av, av, 2 v,

& T

ER_

Where:

e : Uncertainty in the results

R : agiven function of the independent variablesV 1, Vo, ..., Vhor R=R(V1, V2, ..., V).
€ : uncertainty interval in the nth variable.

The partial derivative :—f isameasure of the sensitvity of the result to asingle variable.
The uncertainty for presént tests was:

er = [(0.9)* + (1.12)* + (0.64)* + (1.1)* + (0.87)* + (0.91)*]%% = +2.2950

Tests procedure

The first set of tests was conducted to define the engine higher useful compression ratio
when it was run with NG for wide range of equivalence ratios, 25 rps engine speed and
optimum spark timing. At this compression ratio engine performance was studied to find the
effects of engine speed, compression ratio, spark timing and equivalence ratio. The second set
of tests was conducted with adding gaseous hydrogen to NG to study the influence of this
addition on the former parameters and there effects on engine performance.

RESULTS AND DISCUSSION
1. CR effect

Various hydrogen volumetric fractions [HVF= V o/ (VH2+VnG)] supplemented to natural gas
was studied (HVF=0.2, 0.4, 0.6, 0.8), to explore the best mixture ratio for two gases with
compression ratio changed starting from 8:1, to find the higher useful compression ratio
(HUCR) for each mixture.

Fig. 4 shows the relations between hydrogen volume fractions and the maximum brake power
at every CR studied. From this figure it appeared that the maximum brake power existed at CR
= 14:1. Then this compression ratio is considered as higher useful compression ratio at HVF=
60%.

Fig. 5 gives the relationship between brake power and equivalence ratio for different HVF and
optimum spark timing (OST), HUCR and 25 rps speed. Brake power increased with HVF
increase from 0 to 60%, this increment in brake power was expected, because hydrogen
presence in combustion chamber gives improvement in energy released, and increased burning
rate giving better combustion. The brake power decreased with increasing HVF to 70 and 80%,
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because a large part by volume of natural gas was substituted with hydrogen causing the heat
released from the combustion to be decreased, in other words the volumetric efficiency
deteriorated at these HVF. Hydrogen heating value on volume basis is less than that for natural
gas. This appears clearly when using hydrogen alone, where it gives less brake power than that
released when natural gasis used.

Fig. 6 indicates HVF and CR effects on optimum spark timing. HVF increase in fuel resulted
in retarding OST. Also, CR increase gives the same effect on engine spark timing. This is
expected, in view of the fact that hydrogen characterized with its high burning velocity
compared to NG. Also, burning velocity increased with CR increase, due to increments in
mixture temperatures inside combustion chamber. Due to these two factors OST was retarded
on an average of 16°BTDC.

2. Equivalence ratio effect

Fig. 5 shows the effect of hydrogen supplementation on equivalence ratio limits, the range of
combustion operating limits became wider with this supplementation. Hydrogen addition made
the engine run with much more leaner mixture. The lean misfire limit for NG was at (=0.63)
while with hydrogen addition this limit reduced to (8=0.49) at HV F=80%.

NG is known with its low burning velocity. The addition of hydrogen improves and increases
this velocity several times as Fig. 6 illustrates. The principal effect of hydrogen addition occurs
during the induction or ignition delay period. This period is initiated by a spark discharge, and
the duration of the period characteristic of the time required establishing a combustion volume.
This time depends on the rate of chemical processes in the expanding flame kernel. On this
basis, it would be expected that the principal effect of added hydrogen would be to accelerate
the delay stage of the combustion process by the rapid chain branching oxidation
characteristics of hydrogen. In comparison with the much slower partially degenerate chain
reactions characteristic of hydrocarbon oxidation like NG, this process known to be fast. This
is apparently in Fig. 7, which gives the relationship between maximum brake power at HVF in
fuel for five chosen equivalence ratios at OST, 25 rps speed and HUCR.

Fig. 7 shows that the effect of added hydrogen on engine maximum brake power is much more
pronounced in lean mixtures, thisis appeared when HVF increased from 0 to 60% for (&=0.7),
where brake power increased about 250% compared with NG value. This is because of three
parameters. oxygen availability for reaction, hydrogen existence which increases burning

velocity and the high heating vale of natural gas. This result is very important and encourages
operating engine with this mixture, because at this lean equivalence ratio all engine emissions
are at their least values.

At @=0.8 the brake power increased about 97.5% compared with NG. But at equivalence ratios
richer than @=0.8, hydrogen addition effect is limited. Due to reduction in entering air quantity
which was replaced with hydrogen and NG volumes instead of it. This means that the energy
produced from the reaction will be limited. From the figure it appears that the increase in brake
power at @=1.0 was about 7.5% and at @=1.1 was about 5.0%, and at @=1.3 it was about 2%.
Fig. 8 indicates the hydrogen addition effect on brake specific fuel consumption (bsfc), for
wide range of equivalence ratios at HUCR, OST and 25 rps speed. Bsfc decreased for lean
equivalence ratios in a high rate with hydrogen addition, for example, at @= 0.7 and HVF=
60%, bsfc decreased about 60% compared to NG. At @=1.0 and the same HVF the reduction
reached about 15%.

Fig. 9 indicates the hydrogen addition effects on maximum indicated thermal efficiency and
volumetric efficiency at HUCR, 25 rps speed and OST. The maximum indicated thermal
efficiency increased with hydrogen addition by high rates. The high increments of indicated
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thermal efficiency conduct the improvement of burning in this side with supplemented
hydrogen.

Fig. 9 indicates the reduction in maximum volumetric efficiency with hydrogen addition,
where hydrogen introduction in combustion chamber was on air account. It can be consider
that a part of the increment in bsfc and the reduction in bp at high equivalence ratios referred to
this deterioration in volumetric efficiency.

Fig. 10 presents the relation between HVF and exhaust gas temperature at HUCR, OST and
25rps. Exhaust gas temperature decreased with hydrogen addition, because the burning
velocity with hydrogen existence in mixture was rapid and complete, especially when the
engine run at OST, so when expansion stroke occurred all the mixture would be burned and
became burned gases, and it will be cooled in this stroke. When exhaust valve opened exhaust
gas will get out in low temperatures and much lower than when engine run with any other
hydrocarbon fuels.

3. Speed effect

Fig. 11 indicates the relation between maximum engine brake power and HVF in mixture for
wide range of equivalence ratios to represent speed effect at HUCR and OST. Maximum brake
power increased with HVF for all studied speeds but the increase rate was different. The
increment rate for low speed (20 rps) to medium one (25 rps) was about (19.18%), and then
this rate decreased when the engine was run in high speeds (35 rps) where the increment in bp
was about (3.58%), because of increased friction power with speed increased.

Fig. 12 represents effect of hydrogen addition on OST for different speeds. Hydrogen addition
appears to retard the OST about 15° BTDC for all studied speeds. Also, speed increase cause
OST to be advanced, so the OST resulted was the resultant of these two opposite effects.

4. Spark timing effect

Fig. 13 indicates the relation between brake power and equivalence ratio at 10°BTDC, HUCR
and 25 rps. Spark timing 10°BTDC is very retarded timing for natural gas which is
characterized with its low burning velocity, and brake power resulted was very low. Hydrogen
addition increased brake power, for all HVF until @=1.2 and then decreases.

Spark timing 20° BTDC is a preferable timing for natural gas, as brake power increased for all
HVF as appearsin Fig. 14. Also, break power increased with hydrogen addition for all

equivalence ratios compared to NG, because this timing appears to be near the OST for these
ratios. Brake power reduced for rich equivalence ratios (more than @=1.2), where this ST can
be considered retarded from OST for these ratios. The increments in brake power for the tested
equivalence ratio range were 13.5%, 28.82% and 40.9% for 20, 40 and 60% hydrogen addition
respectively compared to NG.

In Fig. 15 the brake power curves take another shape, compared with curves in figures 11
and 12. The natural gas brake power increased at 30° BTDC spark timing, because this timing
near the OST for equivalence ratios where maximum brake power happened (8=0.95-1.15).
The brake power decreased with hydrogen addition about (20-40%) for equivalence ratios
(2=0.9-1.35) compared with former spark timing (20° BTDC). It was difficult to run the
engine with HVF=60% at these equivalence ratios. This spark timing which appeared very
advanced from OST for NG-hydrogen mixtures, so it reduced the brake power for HVF= 20
and 40%, and cause the high pressure to happen before top dead centre causing negative work
on engine. This figure shows an obvious increments in brake power in lean equivalence ratio
less than @=0.7.
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CONCLUSIONS

1- The HUCR with hydrogen supplementation was increased to 14:1 compared with 13:1 for
pure NG.

2- The optimum spark timing retarded with hydrogen addition.

3- The OST retarded with CR increase.

4- Brake power increased with hydrogen addition to natural gas for certain limit
HVF=60%), then it decreased with HVF increase.

5- Theengine run at wider burning limits with hydrogen addition.

6- The volumetric efficiency decreased with hydrogen supplementation.

7- The indicated thermal efficiency increased with hydrogen addition to natural gas. The
maximum value of this efficiency was at very lean equivalence ratio.

8- Exhaust gas temperature reduced with hydrogen addition, the maximum value was near the
stoichiometric equivalence ratio.

9- Bsfc reduced with hydrogen supplementation to natural gas.

Table 1: Ricardo E6 engine geometry and operating parameters.

Model Ricardo E6

Displaced Volume 504 cm3

Bore 76.2mm

Stroke 111.2mm
Exhaust Valve Open 43° BBDC (at 5 mm lift)
Exhaust Valve Close 6° ATDC (at 5 mm lift)
Inlet Valve Open 8° BTDC (at 5 mm lift)
Inlet Valve Close 36° ABDC (at 5 mm lift)

Speed 1000-3500 RPM

Table 2, some hydrogen and NG properties

Property Hydrogen Natural gas

Limit of flammability in air (vol %) 4-75 5.3-15
Laminar burning velocity in air* (cm/s) 200-230 37-43
Minimum energy for ignitionin air (mJ) 0.02 0.29
Auto ignition temperature (K) 858 813
Quenching gap in air (mm) 0.64 2.03
Diffusion coefficient in air * (cm2/s) 0.61 0.16
Density* (kg/m?3) 0.0838 0.7174
Flame temperaturein air at @=1* (K) 2318 2148
Lower heating value ( MJKQ) 120 53
Research octane number >130 >120
Normal boiling point (K) 20.3 111.6

. 273 K 1013kpa
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Table 3, Experimental Accuracies

M easurements Accuraciesin this study
Thermocouples +0.9%
Engine speed tachometer + 1.12%
NG flow meter + 0.64%
Air flow meter +11%
hydrogen fuel flow meter + 0.87%
dynamometer + 0.91%

0 f11 s
16 4 3 -
1
15
Lot p | dn L EA
12
1. Single cylinder engine 10. Pressure gauge
2. Dynamometer 11. Non return valve
3. Engine exhausts manifold 12. Flametrap
4. Exhaust gas cooler 13. Choked nozzles system
5. Air drum 14. NG cylinder
6. Engine intake manifold 15. NG flow meter (orifice plate)
7. Solenoid valve 16.Pressure gauge and pressure regul ator
8. Gas carburetor
9. Hydrogen cylinder

Fig. 1, a schematic diagram for the tests system
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Alcock viscous air flowmeasures (kg/hr)
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Fig.2 Chock nozzles calibration curve 358 Fig.3 Alcock viscous air flow meter
calibration curve
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Fig. 6, Relation between HVF in mixture and Fig. 7, Relation between HVF in mixture and
OST for different compression ratios and 25 brake power at higher useful compression ratio,
rps OST and 25 rps for different equivalence ratios
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Fig. 10, Relation between HVF in mixture and
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Fig. 11, Relation between HVF in mixture and
brake power for different engine velocities at
higher useful compression ratio and OST
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Brake Power (kW)
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Fig. 14, Relation between equivalence ratio and
brake power at spark timing=20°BTDC at higher
useful compression ratio, and 25 rps for different

HVF's
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