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Second Law Analysis of Gasoline Powered Sl Engines with Hydrogen Injection
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Abstract: A simulation study on the effect of hydrogen addition as supplementary fuel to gasoline at lean mixture (equivalence ratio ¢ = 0.8) was carried out in order to
reduce the gasoline fuel consumption and harmful emissions. The effect on the first law, emissions, and second law parameters was investigated. This was done by changing
the mixture ratio between gasoline and the supplementary fuels to achieve the required equivalence ratio. The first part (first law and emission performance) was conducted
for all engine speeds. The second part (second law analysis) was done at the rated speed of 2750 rpm. The simulation study was performed using the date for (Ricardo
E6/T variable compression ratio engine), which was used for model verification. The study showed that at lean mixture, hydrogen addition reduced carbon monoxide and
nitrogen oxides levels. Hydrogen addition significantly improved the heat release rate; however, due to its fast burning speed, the heat released was close to the top dead
centre compared with gasoline. From second law analysis, hydrogen addition caused a slight drop in the work availability, increased availability loss with heat, and an

increase in the area under temperature entropy diagram.
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1 INTRODUCTION

The world is consuming its conventional energy
sources (mostly fossil) at rapid rates to meet its growing
demand. Due to their nature of usage, the consumption of
such fossil fuels resulted in environmental problems that
have reached an alarming rate. This problem manifested
itself in the form of greenhouse gases, depletion of the
ozone layer, acid rain, etc. This necessitates the need to
find more eco-friendlier energy sources.

Several properties possessed by hydrogen made it
more preferable compared with the conventional spark
ignition (SI) engine fuels, i.e., gasoline [1-6].

Hydrogen has a four times higher diffusion coefficient
than that for gasoline; this helps better mixing and more
homogeneity of the fuel mixture. Hydrogen has nearly five
times the adiabatic flame speed compared to that for
gasoline; this means more stable engine operation and
combustion process closer to constant volume; this also
helps improve engine thermal efficiency.

On the other hand, higher adiabatic flame temperature
means higher NOx levels. Further, hydrogen suffers from
one more severe drawback, i.e., the energy density of the
fuel calculated on a volume basis is much lower than that
for gasoline. This adversely affects the engine out torque.
Hydrogen, as shown in Tab. 1, has a higher flammability
range and lower minimum ignition energy compared with
gasoline. This makes the hydrogen-gasoline blend easier to
ignite and better combustion stability under lean
conditions.

The use of hydrogen as mono and dual fuel for the SI
engine has been subjected to a considerable amount of
research by scientists. Some discussed the use of hydrogen
as supplementary fuel for gasoline; others discussed its use
with compressed natural gas (CNG) engine performance
[7-11].

An extensive review of the use of hydrogen as a fuel
for internal combustion engines (ICE) is shown in [12-15].
The significant advantages and effects on engine
performance, as well as the main difficulties and problems
in implementing hydrogen, were also discussed.

The effect of engine design and operating parameters,
e.g., compression ratio (CR), combustion chamber

surface/volume (S/V) ratio, and the boost pressure on
engine efficiency and emissions were studied in [16].

They reported an increase in engine efficiency with a
decrease in the S/V ratio with a reduction in NOx level.
Martinez-Boggio et al. [17] reported that there is an
optimum hydrogen blending percentage with gasoline (by
volume) that prevents cycle-to-cycle variations. This
percentage is a characteristic of the air-fuel ratio.

Mohammad Kamil et al. [18] found that the output
power of the engine dropped by < 6% with a 10% hydrogen
addition to gasoline.

D'Andrea et al. [19] studied the use of hydrogen
blended with gasoline at different engine speeds and
equivalence ratios on the combustion process. They
reported lesser cyclic variations and decreased combustion
durations with hydrogen addition.

Varde [20] studied the engine operational stability
using hydrogen-gasoline bends. He found that combustion
durations were reduced with the extension on lean burn
limits with hydrogen addition.

Dimopoulos et al. [21] also proved that with the help
of hydrogen injection as pilot fuel, greenhouse emissions
could be reduced.

Other researchers [22, 23] showed improvement in
engine thermal efficiency and emissions except for HC and
CO emissions at around 5% hydrogen volume fraction.

Sher et al. [24] and Jing-Dinget al. [25] showed
reduction in the brake specific fuel consumption of the
gasoline engine at lean equivalence ratios with hydrogen
addition.

From a second law analysis point of view,
HakanOzcan [26] conducted a theoretical analysis on the
use of hydrogen as supplement fuel for CNG fuelled SI
engine. He concluded that hydrogen addition had a
noticeable effect on engine availability. Combustion
irreversibilities decreased while second law efficiency
increased with hydrogen addition.

Rakopoulos and Kyritsis [27, 28] studied the effect of
hydrogen enrichment on the second law performance of an
engine powered with natural gas and landfill gas. They also
reported a reduction in combustion irreversibility and, as a
consequence, improvement in second law efficiency with
increasing proportions of hydrogen.
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1.1 Fuel Properties

Tab. 1 shows some of the significant properties of
hydrogen and gasoline as fuels for SI engines. It can be
noticed that hydrogen is a very light gaseous fuel compared
with other fuels.

It needs (on a volume basis) the least amount of
stoichiometric combustion air (2.39 compared with 59.6
for gasoline). On the other hand, it needs the highest
amount of stoichiometric combustion air on a mass basis
(34 for hydrogen compared with 14.7 for gasoline).

It has the highest calorific value on a mass basis
(lowest value on a volume basis). On a mass basis, it has
the highest stoichiometric combustion energy released.
Hydrogen has the highest octane number amongst other
fuels, which makes it excellent resistant to knocking.

Table 1 Properties of fuels

Property Gasoline Hydrogen

Density at 1 atm and 300 / K kg/m® 720-760 0.082
Stoichiometric A/F ratio (by volume) 59.5 2.39

Research Octane Number 90 - 100 130

Lower Heating Value / MJ/kg 43.448 119.7
Flammability Limits / % Volume 1.2-6.0 4-75
Minimum Ignition Energy / mJ 0.25 0.02
Laminar Flame Speed at NTP / m/s 0.37-0.43 ~2.0
Adiabatic Flame Temperature / °C ~2470 2318

It has excellent diffusive and heat transfer
characteristics due to its low density and luminosity.
Hydrogen has wider flammability limits. This enables it to
run leaner and hence improve engine fuel economy. The
lower minimum energy value needed for ignition makes it
burn faster and better than other fuels.

The data given in the above table, as well as the
discussion stated before, suggests that there is a need to
consider the significant difference between the two
different fuels and their blends on designing or modifying
the engine. Not doing so may cause some problems
associated with the fast combustion of hydrogen compared
with gasoline (e.g. fast rate or pressure rise due to higher
flame speed, knocking if maximum pressure occurs near
top dead center or early during compression stroke etc.
both of which cause loss in power and increase heat loss.

One way of properly utilizing the supplementary fuel
is to understand how it affects the engine operation. Most
of the above research focused on the first law analysis. This
study will combine both the first and second law analysis
of using two different fuels as supplement fuel to gasoline
at lean operation.

There are several advantages for running the engine
with lean Air/Fuel ratio. Keeping the combustion
temperature low, thus, the NOx levels also low, the
engine's combustion efficiency improves.

This also reduces the tendency of the engine to produce
knocking, hence, can be run at higher compression ratios.

Leaner A/Fuel ratio mixtures have the advantage of
higher specific heat ratios. This helps improve the thermal
efficiency of the engine.

Further, running the engine at leaner Air/Fuel ratios
limits the emissions of certain species.

On the other hand, with leaner Air/Fuel ratios, the
combustion instabilities, cycle-to-cycle variations (CCV)
become high. These factors limit the lean limits of the
Air/Fuel ratios that can be used.

The main objective is to try to understand (from the
second law point of view) how much was the maximum
available energy and how much went as a loss. Further, this
study will be conducted at a lean mixture to try to extend
the lean limit of the engine with gasoline to lower fuel
consumption, improve fuel utility, and reduce emissions.
The equivalence ratio selected for this study was 0.8, which
lies off the maximum NOx and CO; points.

1.2 The Engine

The engine used for this study to verify the
mathematical model was the Ricardo E6/T, 4-stroke,
water-cooled variable stroke engine. The model is well
verified for this engine and has been tested for other fuels
and variables. The basic engine specifications are shown
below in Tab. 2.

Table 2 Engine Specification

Engine Parameter Value
Type Ricardo E6/T
Bore x Stroke 76.2 x 111.125 mm
Displacement volume 504 cm®
Engine speed Variable
Compression Ratio 8:1 (fixed)
Spark Advance 20°bTDC
Throttle Position Wide Open (WOT)

2 Theoretical Analysis

A zero-dimensional, two-zone thermodynamic cycle
simulation with a two-zone combustion model, mainly
based on the model described in [6, 23] and their relative
modifications, was used in this work. The working medium
was considered, in general, as a mixture of the following
11 species: Oz, N2, CO», H,0, Ha, OH, NO, CO, O, H, and
CHa.

Wiebe functions [29] shown in Eq. (1) were used to
model the mass fraction burned variation with crank angle
as follows:

m+1
Xy = 1o _0{9_90] (1)

where x; is the mass fraction burned ND), m;, is the mass
burned (kg), mmix is the total mixture inside the cylinder
(kg), Ois the crank angle (deg), 6, is the start of combustion
(deg), A is the burning duration (deg), and a and m are
model constants.

The rate of heat released (derivative of the mass
fraction burned with crank angle) is given by the following
equation:

m m+l
dy, _( m+1)(0-6)" _ | (6-6 o
do A, | A6, A,

The rate of availability transfer with work (4,) is given

by:

dAw _ _ d_V
10 —(P po)(dej 3)
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where; P is the cylinder pressure (kPa), P, is the
atmospheric or dead state pressure (kPa) which is 100 kPa,
V is the cylinder volume (m?). The derivative of volume
with crank angle can be written as:

-1 )

where: Vs is the cylinder swept volume (m®), CRL is the
connecting rod length (m) and S is the stroke length (m).

The expression for the rate of availability transfer due
to irreversible heat transfer (4;) is given by:

d4, —d&(l—ﬁj (5)

40 do T

where: Q; is the heat lost to coolant during the cycle (W),
T is the cylinder temperature (K) and Ty is the dead state
temperature (K) which is 293 K.

The rate of availability of the fuel (d4y) that is
introduced into the process:

d4, dx

f

40 :(l_xb)(dgjaf ©
a4, = LHV,|1.0334+0.0183 2% — 00694 )
f f C C

A comprehensive discussion on the formulations of the
second law analysis of engine combustion can be found in
[30-34].

In this study, the mixture was varied, keeping the
overall trapped equivalence ratio = 0.8. The ignition timing
was kept constant at 20° bTDC as in the engine design.

Since the main aim of the research is to keep the fossil
fuel used (i.e., gasoline) minimum, the gasoline flow rate
was adjusted to keep the equivalence ratio = 0.8.

First, the engine simulation was run on an equivalence
ratio of 0.8 using gasoline fuel to set the baseline (or
reference) performance. Based on that, the mass flow of
fuel was found. Then hydrogen fuel was added in specific
amounts such that the overall equivalence ratio (¢#) remains
the same at 0.8.

This was done by adjusting (reducing) gasoline mass
to give the overall equivalence ratio ¢ = 0.8. At first, the
engine requirements with gasoline were found, then
hydrogen was introduced to the engine, and the amount of
gasoline was readjusted to maintain the equivalence ratio
at 0.8.

3 RESULTS AND DISCUSSION

The results are divided into two main parts, i.e., part
(a) deals with first law performance parameters while part
(b) deals with second law parameters.

Before starting the discussion part, model validation
must be ascertained. This is clearly shown in Fig. 1 and

Fig. 2. Those figures show that the model was able to
predict the performance of the engine to a good degree of
accuracy.
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Figure 1 Model verification for engine power
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Figure 2 Model verification for in-cylinder pressure
3.1 Brake Power
Brake power (BP) is a parameter that reflects the
engine power output. Fig. 3 shows the engine's BP with
hydrogen enrichment. It can be seen from Fig. 3 that BP
increases with the addition of hydrogen fuel.

20
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—
o

Hydrogen Percent (%)

1000 1500 2000 2560 30‘00
Engine Speed (rpm)

Figure 3 Variation of brake power (kW) with engine speed and hydrogen

addition

It is also shown in Fig. 1 that BP increment becomes
noticeable beyond 5%. To understand this trend, Fig. 4
shows the peak cylinder pressure (drawn for the engine
rated power speed, i.e., 2750 rpm, ignition at 20° bTDC).
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It can be seen that the peak cylinder pressure increases with
an H, percentage in the mixture. However, this peak
pressure occurs close to TDC with higher pressures for
hydrogen.

20
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Figure 4 Variation of Peak cylinder pressure (bar) with engine speed and
hydrogen addition

Several reasons were suggested for such behaviour
based on the energy content of the mixture flowing into the
cylinder with hydrogen increment and the pure effect of
constant spark timing [1, 2].

Whereas hydrogen tends to decrease the energy
content due to lower energy content on a volume basis, in
addition to the heating effect of inlet manifold, which
causes the gaseous fuel to expand, thus applying some
restrictions on the flow of air into the engine.

3.2 Brake Thermal Efficiency
Thermal efficiency of the engine is inversely related to
the fuel economy (for the same fuel). As the thermal

efficiency of the engine increases, it indicates better

utilization of the engine to the input energy coming with
the fuel.

20 -
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: QR
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Figure 5 Variation in brake thermal efficiency (%) with engine speed and
hydrogen addition

The relative change in brake thermal efficiency with
engine speed is shown in Fig. 5. As seen in Fig. 5,
hydrogen-enriched engines showed higher -efficiency
values compared with gasoline, especially at higher fuel
fraction. Moreover, at lower engine speeds, thermal
efficiency for the engine with both fuels is less than the
original fuel.

As aresult of the high energy input and higher burning
efficiency, Fig. 6 shows two main points, first, the
percentage of heat loss is higher with hydrogen addition.

Further, heat loss decreases with engine speed. One
possible reason for this behaviour is the shorter duration of
combustion with hydrogen due to faster flame speed;
hence, less time will be available for the products of
combustion to lose their energy.

3.3 Heat Release Rate (HRR)

Many factors are known to affect the engine's thermal
efficiency. Among those factors come the combustion
related factors (e.g. flame propagation, development, and
combustion duration). Fig. 7 shows the HRR for all fuels
at all engine speeds.

As can be seen in the figure, the rate of heat release for
H, fuel is higher than that for pure gasoline. The figure also
shows that the rate of heat release (RoHR) for the
hydrogen-gasoline blend is higher than that with pure
gasoline.

20

Hydrogen Percentage (%)
=)

0 ]
1000 1500 2000 2500 3000
Engine Speed (rpm)
Figure 6 Variation of heat loss (W) with engine speed and hydrogen addition

The peak difference between both fuels is about 20%
in favour of hydrogen. This is expected due to the higher
energy content for hydrogen compared with gasoline.

Further noticed, the angle at peak RoHR increases with
hydrogen addition, and the effect is more significant for the
case of hydrogen addition compared with pure gasoline.
This can be attributed to the generation of the radicals (e.g.
OH) in the cylinder, which helps reduce the combustion
duration (by improving the flame growth period and
propagation) [1, 2].
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3.4 Engine Availability Analysis

From the second law point of view, Fig. 8 shows that
the energy transferred with work is more significant for
gasoline fuel compared with hydrogen. Further, it shows
that H, fuel, the exergy transferred with work inside the
cylinder, is higher than that for gasoline.
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Figure 9 Availability transfer with heat

This trend helps explain why the engine tends to
develop more power with H, addition at this equivalence
ratio for these study parameters (injection and ignition

timing) compared with gasoline. The amount of energy
transferred with heat is shown in Fig. 9.

There is a clear trend that the amount of exergy that is
transferred with heat is higher than that for gasoline.
Further, the amount transferred is slightly greater for
hydrogen. The amount of energy transferred increases with
that of the fuel added.

This figure helps explain the increase in heat loss with
hydrogen. Further, it helps explain the gain in thermal
efficiency for hydrogen addition.

Fig. 10 shows the variation of cylinder temperature
with entropy inside the cylinder.

This figure helps visualize the heat transfer inside the
engine during the processes. It can be well understood with
the help of the above figures. This figure shows higher
values of temperatures at almost the same entropy value
during the combustion process. Further, for the same
temperature value, the value of entropy for gasoline is
lower than that for H, addition.

This helps explain the trend shown in Fig. 5 and Fig.
6, whereby the engine suffered higher energy loss and
lower thermal efficiency as a result of higher heat
transferred. On the other hand, the overall cycle shows that
the area under the curve for H, addition is higher than that
with gasoline. This helps explain the trend shown by Fig.
3 and Fig. 8 since the overall area can be understood to be
the total work output done by the engine. Similar results
are shown by [6].
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Figure 10 Temperature-Entropy Diagram
4 CONCLUSIONS

A study on the effect of hydrogen addition as
supplementary fuel for gasoline engine at lean mixture (¢
= 0.8) was conducted. The effect on the first law,
emissions, and second law parameters were conducted.

The study clearly shows that at lean mixture, hydrogen
addition significantly improves the HRR; however, due to
its fast burning nature, the heat released was close to the
top dead centre compared with gasoline.

Up to 15% of hydrogen edition was found suitable for
engine performance and emissions. Hydrogen addition
increased the entropy of the cycle, energy transfer with heat
and lowered the energy transferred with work. Hydrogen
addition of up to 5% was the best amongst the ratios
studied from second law performance point of view.
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Hydrogen has a more significant and visible influence
on engine first law performance than pure gasoline.
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