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Exhaust gas assisted fuel reforming is an attractive on-board hydrogen production method,
which can open new frontiers in diesel engines. Apart from hydrogen, and depending on
the reactions promoted, the reformate typically contains a significant amount of carbon
monoxide, which is produced as a by-product. Moreover, admission of reformed gas into
the engine, through the inlet pipe, leads to an increase of intake air nitrogen to oxygen
ratio. It is therefore necessary to study how a mixture of syngas and nitrogen affects the
performance and emissions of a diesel engine, in order to gain a better understanding of
the effects of supplying fuel reformer products into the engine.

In the current research work, a bottled gas mixture with H, and CO contents resembling
those of typical diesel reformer product gas was injected into the inlet pipe of an HSDI
diesel engine. Nitrogen (drawn from a separate bottle) at the same volumetric fraction to
syngas was simultaneously admitted into the inlet pipe.

Exhaust analysis and performance calculation was carried out and compared to a neat
diesel operation. Introduction of syngas + N, gas mixture resulted in simultaneous reduc-
tion of the formation of NO, and smoke emissions over a broad range of the engine operating
window. Estimation of the bottled carbon monoxide utilisation showed that by increasing
either the load or the speed the admitted carbon monoxide is utilised more efficiently. As a
general rule, CO, emissions increase when the bottled carbon monoxide utilisation is
approximately over 88%. Isolation of the H, and N, effect revealed that a CO diluted flame
promotes the formation of smoke. When the intake air is enriched with syngas + N, an
increase of engine speed results in reduction of maximum pressure rise rate (dp/da). The
effect of load on dp/da varies depending on engine speed. Finally, the engine is more fuel
efficient when running on neat diesel.

Copyright © 2014, The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy
Publications, LLC. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/3.0/).
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Introduction

The production of hydrogen is classified into three categories:
thermochemical, electrochemical and biological [1]. In the
first category (most hydrogen is derived from this method),
separation of hydrogen from a feedstock is achieved through
endothermic chemical reactions. The electrochemical method
involves water decomposition into H, and O, by passing an
electric current through the water. Concerning the biological
method, hydrogen can be produced from renewable sources
by microorganisms using carbohydrate-rich and non-toxic
raw materials.

The hydrogen produced from the methods described
above can be stored in an automobile either as a gas dissolved
in a metal, as a cryogenic liquid or as a compressed gas
[2]. Nevertheless, on-board hydrogen storage is deemed
challenging as practical issues (weight increase, volume
occupation, hydrogen infrastructure and safety) need to be
overcome.

A widely acceptable alternative that is currently under
research and development stage is the on-board hydrogen
production. Adoption of this technique requires the integra-
tion of a fuel reformer within the exhaust pipe in order to
generate hydrogen through a catalytic interaction of the fuel
with hot exhaust gases. The basic idea is to liberate the
hydrogen held in the fuel and exhaust steam and direct it into
the combustion chamber. The chemical reactions (1-7) may
take place in a reformer supplied with exhaust gas and diesel
[2—4]. Details about reforming reactions can also be found in
articles [5] and [6]. It should be clarified that the following
reactions do not refer to engine combustion.

Diesel fuel steam reforming:

Ci231H217 + 12.31H,0—12.31CO + 23.4H, (1)

This reaction is largely endothermic and to be efficient it
requires temperatures 600—800 °C [7]. Typical diesel exhaust
gas temperatures vary from approx. 200—700 °C, depending on
the operating condition.

Water-gas shift:

CO +H,0—~CO, + H, )
Diesel fuel partial oxidation:

Ci1231H2017 +6.150, —12.31CO + 11.08H, (3)
Diesel fuel complete oxidation:

Ci231H217 + 17.850, —12.31CO; + 11.08H,0 (4)

The reactions (3) and (4) although not desirable, due to the
drop of product gas calorific value, being exothermic can raise
the exhaust temperature in case it is not adequate to drive the
steam reforming reaction.

‘Dry reforming’ reaction:

Ci231H2017 + 12.31C0O, — 24.62C0O + 11.08H, (5)

Temperatures over 800 °C are required in reaction (5).
Autothermal reforming:

C12,31H22_17 + 56502 + H20—> 1231C02 + 1208H20 (6)

Hydrocarbon thermal decomposition:
C1231H17—12.31C + 11.09H, (7)

In fact, during a fuel reformation process more than one
reaction may take place, however, promotion of the most
desirable can be achieved by tuning the reformation process.

Tsolakis et al. [8] experimentally investigated the effect of
REGR on a diesel engine. The authors concluded that, in the
majority of the test conditions, dual-fuel operation (diesel and
REGR) resulted in improved NO,, smoke and engine fuel con-
sumption. The concentration of H, and CO in the exhaust gas
was found relatively high at low engine load, and as a result
BSFC deteriorated due to the incomplete gaseous fuel uti-
lisation. Singh Bika used a single-cylinder CI engine fuelled on
syngas-diesel in order to study the effect of varying syngas
proportions on the cycle efficiency, NO, and CO emissions [9].
It was demonstrated that cycle efficiency reduced when the
equivalence ratio of the gaseous fuel was increased. Moreover,
it was shown that NO, emissions remained relatively constant
under 2 bar IMEP operation, while under 4 bar IMEP they
increased with diesel fuel substitution. Also, it was proven that
CO was utilized more efficiently at the high load condition.
Abu-Jrai et al. [10] introduced simulated REGR into a diesel
engine and found, among others, that the unburned H, in the
exhaust gas can benefit the performance of a SCR catalyst.

A typical diesel exhaust gas fuel reforming produces a gas
mixture that is mostly composed of hydrogen and carbon
monoxide. Although the effect of providing syngas into a
diesel engine has been investigated by many researchers
[11-14], no papers were found dealing with the effect of
syngas + N,. In previous studies, the effect of enriching
the intake air with separate and simultaneous hydrogen and
nitrogen on the combustion and emissions of an HSDI diesel
engine has been investigated [15,16]. The current experi-
mental work aims to take this research effort further by
introducing syngas and nitrogen (at varying concentrations)
into the engine. Syngas composition resembled that of typical
diesel fuel reformation, while the introduction of nitrogen
simulated the effect of oxygen concentration reduction in the
inlet charge, that is, the increased N, to O, ratio.

Methodology
Engine

The experiments were performed using a Ford Puma direct
injection diesel engine. The main specifications of the engine
were: bore 86 mm, stroke 86 mm, compression ratio 18.2:1,
number of cylinders 4, swept volume 1.998 L. The engine was
equipped with a common rail system, a turbocharger and an
EGR valve. Throughout the experiments diesel injection
pressure was set to 800 bar. The engine was run in naturally
aspirated mode by disconnecting the turbocharger, whereas
the EGR valve was maintained hermetically closed.

Fuel

The baseline data was obtained by fuelling the engine on
ultra-low sulphur diesel (ULSD). The dual-fuel operation was
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Table 1 — Gaseous fuel concentration, mass flow rate and
energy ratio.

Syngas concentration [% vol.] 2 4 6

H, fraction [% vol.] 1.2 2.4 3.6
CO fraction [% vol.] 0.8 1.6 24

H, mass flow rate (1500 rpm) [g/sec] 0.0204 0.0408 0.0612
CO mass flow rate (1500 rpm) [g/sec]  0.1717  0.3434  0.5151
H, mass flow rate (2500 rpm) [g/sec] 0.0324 0.0648 0.0972
CO mass flow rate (2500 rpm) [g/sec]  0.2760  0.5520  0.8280
H,/CO energy ratio (1500 rpm) 14116 14116 14116
H,/CO energy ratio (2500 rpm) 1.3947  1.3947  1.3947

realised by substituting an amount of diesel fuel with gaseous
H, + CO, while the engine speed and load were maintained
constant. The concentration of the syngas was 60% H,—CO
balance. Table 1 details the concentration of the syngas in the
intake charge as well as the mass flow rate and the energy
ratio of the gases it was composed of.

Intake charge

The gases were stored in two separate bottles, as shown in the
schematic representation of the experimental set up, Fig. 1.
The first bottle contained the gaseous fuel (syngas), whereas
the second bottle was filled with high-purity nitrogen gas.
Both bottles had lines connected to the inlet pipe. Table 2
illustrates the concentration of the individual gases in the
intake charge, while the schematic representation of the
intake charge composition is illustrated in Fig. 2.

Emissions measurement

A small quantity of the exhaust gas was directed into
the analysers, which provided measurements of carbon
monoxide and carbon dioxide (through non-dispersive
infrared, NDIR), NO, (chemiluminescence technique) and
BSN (optical evaluation of the soot collected on a paper filter).
The excess air ratio measured by the Horiba analyser was also
recorded.

Table 2 — Intake charge composition.

Syngas + N Intake charge composition [% vol.]
= . .
[% vol. of intake air] N, 0, H, co
0 79 21 0 0
2+2 77.84 20.16 1.2 0.8
4+ 4 76.68 19.32 2.4 1.6
6+6 75.52 18.48 3.6 2.4
Experimental

Experiments were performed at four different operating con-
ditions, which included two different speeds (1500 and
2500 rpm) and two different loads (2.5 and 5 bar BMEP). Start of
injection was swept from 12 to 3 CAD BTDC in three degree
increments, while an amount of intake air was gradually
replaced by the bottled gases in 4% steps (2% syngas + 2% N,),
starting from 4% up to 12%. Diesel fuel was delivered into the
cylinder through a single injection event at 800 bar. Cylinder
pressure data as a function of crank angle was stored in a PC for
off-line analysis. Temperature and pressure readings at various
points (intake pipe, fuel line, exhaust pipe) were provided.
Before taking any measurements, the engine was allowed to
warm up until water temperature and emissions had settled to
an acceptable steady state. Day-to-day variation in the results
was minimized by ensuring that the data produced at specific
operating conditions was within the accepted limits.

Results
NO,-BSN

The effect of syngas + N, enrichment on NO,-smoke trade-off
is presented in Figs. 3 and 4. The tests were repeated four
times and the values reported are mean values. Tables 3 and 4
show the standard deviation of NO, and BSN at 8%
syngas + N, concentration. Inclusion of error bars in the fig-
ures was proven impractical because standard deviation
values were too small compared to the values of the axes.
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Fig. 1 — Experimental set up.
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0 96% ambient air
O 2% nitrogen
© 2% syngas

© 100% ambient air

© 88% ambient air
O 6% nitrogen
© 6% syngas

0 92% ambient air
O 4% nitrogen
O 4% syngas

© Composition of ambient air, 79% N2 - 21% 02
© Composition of bottled N2, 100% N2
© Composition of syngas, 60% H2 - 40% CO

Fig. 2 — Schematic representation of intake charge
composition.

Before providing discussion on the results, it should be
mentioned that due to zero BSN values in Fig. 3(a), and in order
to better illustrate the results, a secondary y axis was used.
Simultaneous reduction of both NO, and BSN was achieved
over a broad range of the operating window of the engine. In
particular, this desirable NO,-BSN trend was observed under:
(i) low speed low load, (ii) low speed medium load and (iii) high
speed low load at syngas + N, concentration over 4%. Fig. 4(b)
shows that under high speed medium load operation the
added gas had an adverse effect on BSN, although neither the
combustion of H, nor the combustion of carbon monoxide
generates smoke. The high dilution level of the intake charge
was probably the main contributor to the increased BSN, as

2500 - T 0.05
1500 rpm, 2.5 bar BMEP C 30112 CAD BTDC
0O S0I9CADBTDC
¥ 8016 CADBTDC
A SOI3CADBTDC  0.04
2000 1
10.03

NOx [pprm]
L
o
o

0.02

-----

12
H2+CO + N2 [% vol]

there was less oxygen within the cylinder to react with the
diesel fuel. Isolation of the effect of N, and H, can clarify
whether the admission of carbon monoxide (in addition to the
dilution effect) contributed to smoke formation. According to
Guo et al. [17], the concentration of OH (which contributes to
soot oxidation) is lower and the concentration of H (which
intensifies soot surface growth rate) is higher in a CO diluted
flame due to the reaction CO + OH = CO, + H, whose forward
rate is increased when CO is supplied into the engine. Fig. 5
shows the results obtained when a mixture of H, + CO (w/o
N,) was admitted into the engine. BSN dropped below the
values recorded at baseline operation, and this suggests that
under this operating condition smoke formation is very sen-
sitive to the admission of N,. Isolation of the CO effect (i.e.
enrichment of intake air with H, only) can extend this inves-
tigation in order to assess whether a dilution with CO affects
soot oxidation, as mentioned by Guo et al. The effect of H,
enriched intake air on BSN has been presented in previously
published work [15]. Comparison of the data collected at
identical operating conditions and gas admission indicated
lower BSN levels when fuelling on diesel-H,. This verifies that
a CO diluted flame promotes the formation of smoke. Since
smoke exclusively originates from diesel, the above compar-
ison is valid only if a comparable amount of diesel was
delivered into the cylinder when fuelling on (i) H, + CO-diesel
and (ii) H,-diesel. The diesel flow rate measurements revealed
that in the first case (i.e. when fuelling on H, + CO-diesel), the
amount of diesel was slightly lower compared to the second
case (when fuelling on H,-diesel). This finding can be verified
by comparing the energy density (energy per unit volume) of
the two gases. The combustion of 1 L of H, releases 3.4% less
energy compared to that released from the combustion of a
gas mixture composed of 60% H, + 40% CO. From this, it is
clear that more diesel fuel is required in the diesel-H, mode in
order to achieve the same speed and load. This reinforces the
conclusion drawn from the above comparison as in the higher
smoke case (that is, fuelling on H, + CO-diesel) a smaller
quantity of diesel (the smoke producing fuel) was supplied
into the engine.
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Fig. 3 — Effect of syngas + N, on NO,-smoke trade-off. Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.


http://dx.doi.org/10.1016/j.ijhydene.2014.03.090
http://dx.doi.org/10.1016/j.ijhydene.2014.03.090

9802

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 9798—9808

1 . :
2500 rpm, 2.5 bar BMEP © SOl 12 CAD BTDC
O SOI 9 CAD BTDC
¥ SOI 6 CAD BTDC
08r A SOI3CAD BTDC
Increasing
__ 06} H2+CO + N2 [%vol] 1
Z 70
M :
04+ 0 4, q 0 J
| e 0
i ¥4
44 B4
0.2} Ej E; / a )
12a", 8 5*"%" il @
a
O 1 1 1
300 600 200 1200 1500
NOX [ppm]

9 .
412 © SOI 12 CAD BTDC
8 1 O SOI9CADBTDC
[ ¥ SOl 6 CAD BTDC
7F A A SOI3CADBTDC A
1
6F 4 12 .
1 ¥
5} 3 2{; 1|:2\ 1
z A 8
4 : 12
g 4t 0 'S \v4 4 \8 i
VW N 4 y
| el . |
2r Increasing 1
H2+CO + N2 [%vol]
1 L m
2500 rpm, 5 bar BMEP (b)
O 1 1 1
300 600 900 1200 1500
NOx [ppm]

Fig. 4 — Effect of syngas + N, on NO,-smoke trade-off. Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Table 3 — Standard deviation of NO, emissions and BSN. Engine speed 1500 rpm, load 2.5 and 5 bar BMEP, syngas + N,

concentration 8%.

1500 rpm, 2.5 bar BMEP

1500 rpm, 5 bar BMEP

SOI Standard deviation Standard deviation Standard deviation Standard deviation
of NO, emissions of BSN of NO, emissions of BSN

12 9.98 0.00 15.24 0.008

9 7.88 0.00 13.00 0.005

6 5.24 0.00 6.48 0.001

3 6.14 0.00 8.42 0.00

Enrichment of the intake air with syngas + N, resulted in
reduction of oxygen concentration, which led to a decrease of
lambda. From Figs. 6 and 7, it can be concluded that, in the
majority of the operating conditions, drop of lambda resulted
in simultaneous NO, and BSN decrease with a parallel rise in
CO emissions. Replacement of part of diesel fuel with syngas
was possibly the dominant factor that led to BSN drop, as
intake charge dilution has typically a detrimental effect on
smoke emissions. In Fig. 7(b), the increase of BSN may have
been caused by both the high CO utilisation (as presented in
the following section) and the relatively low lambda value.
Reduction of NO, with lambda is not unexpected as oxygen
concentration is a dominant NO, formation factor. Increase of
CO with the reduction of lambda was caused, on the one hand,

by the reduction of oxygen concentration and, on the other, by
the increase of the amount of the bottled CO that was intro-
duced into the engine.

Carbon monoxide, carbon monoxide utilisation and carbon
dioxide emissions

Enrichment of the intake air with a carbon monoxide-con-
taining mixture inherently increases the concentration of this
pollutant in the exhaust gas. In essence, the increase of CO
levels is attributed to the next two factors. The first is the
incomplete combustion of the admitted gas, while the second
is the slip of the carbon monoxide-rich intake charge during
the valve overlap period. Figs. 8 and 9 depict the carbon

Table 4 — Standard deviation of NO, emissions and BSN. Engine speed 2500 rpm, load 2.5 and 5 bar BMEP, syngas + N,

concentration 8%.

2500 rpm, 2.5 bar BMEP

2500 rpm, 5 bar BMEP

SOI Standard deviation Standard deviation Standard deviation Standard deviation
of NO, emissions of BSN of NO, emissions of BSN

12 7.56 0.008 7.13 0.037

9 6.06 0.00 5.79 0.045

6 8.41 0.001 5.63 0.034

3 6.12 0.008 5.15 0.059
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Fig. 5 — Effect of H, + CO on NO,-smoke trade-off. Engine
speed 2500 rpm, load 5 bar BMEP.

monoxide emissions collected at low and high speed, respec-
tively. Inset in each of the main figures is an estimation of the
carbon monoxide utilisation in the combustion chamber, the
calculation of which is explained later on in this section.
Under low load operation, the bottled carbon monoxide
was not utilised as efficiently as in medium load, resulting in
significantly high engine-out carbon monoxide emissions. For
instance, comparison of Fig. 8(a) with Fig. 8(b) indicates that
under low load operation, the minimum carbon monoxide
utilisation was 72.6% and the maximum 82.8%, whereas under
medium load, it ranged from 88.1% to 92.4%. Concerning the
engine speed, it is clear that the high speed operation was
more favourable in terms of carbon monoxide utilisation. In
essence, the above results indicate that the carbon monoxide

.
Increasing F2+CO + N2 [%evol]

005- 1000 3500

T |
12 S 4
5000
004F 900
4500
= 0.02}5 70053500
3000
001k 600
2500

(3) ol—seel—00

was more completely burned at high temperatures. This can
be linked, among others, with the drop of the lower flamma-
bility limit (LFL) of the gas at elevated temperatures [18,19].
Using Le Chatelier’s mixing rule [20], the LFL of the combus-
tible gas mixture (that is, H, + CO) was found to be 5.45%,
Equation (8).

1

LFLinix = (8)
LFL;

Where LFL iy is the lower flammability limit of the mixture, x;
denotes the concentration of component i in the gas mixture,
LFL; denotes the lower flammability limit of component i.

Due to variations in temperature, pressure and oxygen
concentration, to name a few, the actual LFL is expected to
differ from the calculated value. Nevertheless, the fact that
carbon monoxide utilisation, in the majority of the points
tested, improved at 12% bottled gas mixture (6% combustible
gas mixture) suggests that the calculated LFL should not be far
from the actual value. Gatts et al. [21] described a mechanism
for the combustion of lean hydrogen, which probably holds
true for the combustion of lean H, + CO. In particular, it was
proposed that when the concentration of hydrogen is below
its LFL, it simultaneously burns with diesel fuel by entraining
into diesel vapour, since the flame cannot propagate in the
lean gas. In addition, it was suggested that a wider diesel spray
plume enhances the combustion of the gaseous fuel.

The calculation process of the bottled carbon monoxide
utilisation is presented in this paragraph. Equation (9) is a
simplified one but gives a good indication of the carbon
monoxide utilisation in the combustion chamber.

Coutilisation —1- Comeas Hy+CO+Ny — Coest Hy+Np % 100 (9)
COgup

Where COpytilisation iS the percentage of carbon monoxide being
utilised [%], COmeas n,+co+n, is the carbon monoxide measured
in the exhaust gas when H, + CO + N, is admitted into the
intake pipe [ppm], COest 1,+n, iS the estimated carbon mon-
oxide (estimation at equivalent H, fraction) in the exhaust gas

-~
Increasing FR+CO+ N2 [Yevel]
04 1200 2400 T T

T
) g 4
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03} 2000
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Z 02 000}Z1600
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(b)
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Fig. 6 — Effect of lambda coefficient on BSN, NO, and CO emissions. Engine speed: 1500 rpm, SOI: 3 CAD BTDC, load: (a)

2.5 bar BMEP, (b) 5 bar BMEP.
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Fig. 7 — Effect of lambda coefficient on BSN, NO, and CO emissions. Engine speed: 2500 rpm, SOI: 3 CAD BTDC, load: (a)

2.5 bar BMEP, (b) 5 bar BMEP.

when H, + N, is introduced into the intake pipe [ppm], COgyp
represents the bottled carbon monoxide supplied into the
engine [ppm].

In order to isolate the contribution from diesel fuel on the
carbon monoxide measured in the exhaust gas, the values
obtained when a mixture of H, + N, was introduced into the
engine were subtracted from those obtained when a mixture
of H, + CO + N, was supplied. Since the H, content in the two
gas mixtures (4% H, + N, contained 2% H,, whereas 4%
H, + CO + N, contained 1.2% H, taking into account that the
composition of the syngas was 60% H,—CO balance) was not
the same, an estimation of carbon monoxide (through the
linear interpolation method) that would be measured in the
exhaust gas if the amount of H, was the same is required. The
calculation is based on certain assumptions such as possible
dissociation reactions that produce carbon monoxide are still
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the same when changing H, + N, with H, + CO + N; in the
cylinder, carbon monoxide generated from diesel fuel is
similar when changing H, + N, with H, + CO + N, and
assuming a linear relationship between carbon monoxide
emissions and %H, to get the values at 1.2, 2.4 and 3.6 %H,. As
mentioned in the NO,-BSN section, the two distinct gaseous
fuels (H, and H, + CO) release similar amounts of energy;
hence, this implies that the amount of diesel fuel required to
keep the speed and the load constant when changing H, + N,
with H, 4+ CO + N in the cylinder is also similar.

Fig. 10 illustrates the CO, emissions as a function of the gas
mixture delivered into the engine. Taking into account Figs. 8
and 9, it can be deduced (as a general rule) that CO, emissions
increase when the utilisation of bottled carbon monoxide is
approximately over 88%. That holds true under medium load
operation. Poorer utilisation of the bottled carbon monoxide
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4000+
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Fig. 8 — Effect of syngas + N, on carbon monoxide emissions. Engine speed: 1500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Inset is the estimated carbon monoxide utilisation.
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Fig. 9 — Effect of syngas + N, on carbon monoxide emissions. Engine speed: 2500 rpm, load: (a) 2.5 bar BMEP, (b) 5 bar BMEP.

Inset is the estimated carbon monoxide utilisation.

under low load run resulted in slight CO, decrease, since a
considerable amount of the bottled carbon monoxide was not
burned.

Combustion analysis

A combustion analysis in the two extreme operating con-
ditions (cond. 1 and 4) is illustrated in Figs. 11 and 12. The
mass fraction burned (MFB), the maximum pressure rise
rate and the maximum in—cylinder pressure obtained at the
three different gas mixture concentrations adopted
throughout the experiments are presented. Under low speed
low load operation, the heat release increased sharply after
the onset of combustion, resulting in high pressure rise rate
values. As shown in Fig. 11, the maximum pressure rise rate
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_'9 o v
M v
=
e
=
[
= n
O 57 e
L1500 zpm, 5013 4D BTDC (a)
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was always located in between CA 10 and CA 50 (CA 10 and
CA 50 is the crank angle at which 10% and 50% of fuel mass
has been burned, respectively). The inset figure reveals that
both maximum dp/da and maximum in—cylinder pressure
decreased as the concentration of the gas mixture was
increased. The maximum pressure was located after the CA
50 and was always approximately one fifth of the distance,
in crank angle degrees, from CA 50 to CA 90. Furthermore,
the combustion duration (CA 10 to CA 90) increased with the
fraction of the gas mixture. This result can be linked to the
reduction of NO, emissions when the concentration of the
bottled gas mixture was increased, Fig. 3(a). Under certain
conditions, the fuel which is burned faster is the most NO,
emitting one [16,22,23]. However, when syngas + N, is used,
this is not the sole contributor to the reduction of NOy
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Fig. 10 — Effect of syngas + N, on carbon dioxide emissions. (a) 1500 rpm 2.5 and 5 bar BMEP, (b) 2500 rpm 2.5 and 5 bar

BMEP. SOI 3 CAD BTDC.
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emissions, since the reduction of in-cylinder pressure with
syngas + N, fraction is associated with in-cylinder temper-
ature decrease, which leads to reduced NO, formation.

Fig. 12 shows the combustion analysis data that corre-
sponds to high speed medium load operation. The maximum
pressure rise rate was located straight after the CA 10 and was
smaller to that obtained under low speed low load run. When
the intake air was enriched with a mixture of syngas + N,
increase of engine speed resulted in a reduction of maximum
dp/da, whereas the effect of load on dp/da varied, depending
on engine speed. Under low speed operation, dp/da increased
with load, whereas under high speed operation, dp/da drop-
ped with increase in the load. Selim [24] performed experi-
ments on a Ricardo E6 engine running on diesel-CNG. It was
proven that as the engine speed is increased the pressure rise

rate is decreased. Furthermore, it was shown that the pressure
rise rate at low speed (1200 rpm) is increased with the load.
Referring again to Fig. 12, the maximum in—cylinder pressure
almost coincided with the CA 50 and was lower to that ob-
tained at low speed low load operation. However, in contrast
to low speed low load operation, increase of syngas + N,
proportion resulted in higher in—cylinder pressure. The
reduction of NO, emissions at this operating condition may
have been caused by the soot radiative heat loss [25], as BSN
was significantly increased when the amount of syngas + N,
introduced into the engine was increased (Fig. 4(b)). Finally,
comparison with Fig. 11 reveals that under high speed oper-
ation, the combustion took longer to complete (in terms of
crank angle degrees).

16 T T T T T T T T T
2500 rpm, 5 bar BMEP, SOI 3 CAD BTDC
calo CA 50 CA 00
lo 1
12 | dp max P T
- W v v 60 —7 kP TP
[} —
= CA 10 Ca 50 CA 90 E‘4g
=, A A ®
g ldp  max Pl % 20
+ 8r e 8 & dp dp dp
e} 0
0 CA 10 CA 50 capp 4 8 12
& A T H2+CO + N2 [% vol]
o | dp max P
4+ ce ee © -
dp: maximum dp/da (position - main figure, value - inset figure)
max P: maximum in-cylinder pressure (position - main figure, value - inset figure)
CA 10, 50, 90: crank angle at which 10, 50 and 90% of fuel mass has burned
o 1 1 1 1 1 1 1 1 1 1
360 365 370 375 380 385 390 395 400 405 410 415
Crank angle

Fig. 12 — Mass fraction burned, maximum pressure rise rate and maximum pressure. Engine speed 2500 rpm, load 5 bar

BMEP, SOI 3 CAD BTDC.
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Brake thermal efficiency

Figs. 13 and 14 illustrate the effect of enriching the intake air
with a mixture of syngas + N, on brake thermal efficiency
under low and high speed operation, respectively. At the
operating conditions tested, the engine was more efficient
when fuelled on neat diesel. Fig. 13 reveals that thermal
efficiency dropped when a 4% gas mixture was admitted into
the engine and remained relatively unaffected as the volume
of the bottled gas was increased. A more intense fuel con-
sumption penalty was observed under high speed run. The
engine became very inefficient under high speed medium

32
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Fig. 14 — Effect of syngas + N, on brake thermal efficiency.
Engine speed: 2500 rpm, load: 2.5 and 5 bar BMEP, SOI: 3
CAD BTDC.

load operation at 12% gas mixture, although the utilisation of
carbon monoxide was over 95% and hydrogen combustion
efficiency was almost 100% [15]. The flow rate of diesel fuel
(not shown separately) was considerably increased under
this operating point. The high dilution of the intake air
probably led to poor diesel utilisation, which was reflected in
the unacceptably high BSN values (Fig. 4(b)).

Conclusions

The effect of enriching the intake air with simulated reformer
gas mixture on the performance and emissions of an HSDI
diesel engine has been presented. The flammable gas was
composed of H, + CO at a concentration resembling that of a
typical fuel reformer. The introduction of bottled nitrogen
aimed to simulate the increase in N,/O, proportion in the
intake charge. From the results presented the following con-
clusions can be drawn.

1. Simultaneous reduction of NO, and BSN was achieved over
a broad range of the operating window of the engine. In
particular, when the intake air is enriched with a mixture
of syngas + N, the engine is less NO,-smoke emitting
(compared to baseline values) when operating at low speed
low load, low speed medium load and high speed low load
at syngas + N, concentration over 4%.

2. Under high speed medium load operation, BSN is very sen-
sitive to the admission of nitrogen. Moreover, although
in—cylinder pressure was increased with syngas + N, con-
centration, NO, emissions exhibited a decreasing trend. This
may have been caused by the soot radiative heat loss as BSN
was unacceptably high. Isolation of H, and N, effect revealed
that a CO diluted flame promotes the formation of smoke.

3. Enrichment of the intake air with a carbon monoxide-
containing mixture increases the concentration of that
pollutant in the exhaust. Estimation of bottled carbon
monoxide utilisation revealed that by increasing either the
load or the speed of the engine carbon monoxide is more
efficiently utilised. In essence, this suggests that the com-
bustion of carbon monoxide is affected, among others, by
the in—cylinder temperature.

4. Increase of engine speed leads to a reduction of maximum
dp/da, whereas the effect of load on dp/da varies depend-
ing on engine speed. Under low speed operation, dp/da
increases with load, while under high speed operation,
dp/da drops when the load is increased.

5. The engine is more fuel efficient when operating on neat
diesel. Under low speed run, brake thermal efficiency
dropped when a 4% gas mixture was admitted into the
engine and remained relatively unaffected as the amount
of the gas mixture increased. A significant thermal effi-
ciency reduction was observed under high speed run.

Acknowledgement

The authors would like to thank the UK Engineering and
Physical Science Research Council (EPSRC) for supporting this


http://dx.doi.org/10.1016/j.ijhydene.2014.03.090
http://dx.doi.org/10.1016/j.ijhydene.2014.03.090

9808 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 9798—9808

work (grant EP/H050248/1). Thanks are also due to colleagues
David Peirce, Mohammed Abahussain and Nehemiah Alozie
for their assistance.

Nomenclature

BMEP  Brake mean effective pressure

BSFC  Brake specific fuel consumption

BSN Bosch smoke number

BTDC  Before top dead centre

CA 10, 50,90 Crank angle at which 10%, 50%, 90% of fuel mass
has been burned

CAD Crank angle degrees

CI Compression ignition

co Carbon monoxide

CO, Carbon dioxide

dp/da  Pressure rise rate

EGR Exhaust gas recirculation

HSDI  High speed direct injection

IMEP Indicated mean effective pressure

LFL Lower flammability limit

MFB Mass fraction burned

NDIR  Non-dispersive infrared

NO, Nitrogen oxides

REGR  Reformed exhaust gas recirculation

Rpm Revolutions per minute
SCR Selective catalytic reduction
SOI Start of injection

ULSD  Ultra-low sulphur diesel
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