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ARTICLE INFO ABSTRACT

Keywords: Dual-fuel biodiesel-producer gas combustion has shown potential in reducing nitric oxides and particulate
Dual-fuel emission levels compared to only diesel operation; however, engine overall efficiency is slightly penalized, while
Biodiesel

the main drawbacks are represented by the higher levels of total hydrocarbons and carbon monoxide emissions.

In this work, the improvements in the combustion development deriving from the splitting of the liquid fuel
injection at low loads have been assessed using a 0.51 L single-cylinder research diesel engine equipped with a
high pressure common rail injection system and operated in dual-fuel mode. In this case, a synthetic producer
gas was used as inducted gaseous fuel, while biodiesel was used as pilot fuel.

Initially, the spray morphology was characterized in a constant-volume vessel for different values of injection
duration and pressure, as well as vessel backpressure.

Then, the experimental campaign, run on the engine at 1500 rpm, was divided in two sessions. During the
former, only one pilot injection of constant fuel amount (11 mm?>/cycle) was performed, the rail pressure was set
equal to 500 or 1000 bar, the injection timing was varied in the range —50 + 5 degrees crank angle after top
dead center while the amount of gaseous fuel inducted in the cylinder was varied on three levels. During the
latter, the pilot fuel amount, kept equal to the one pilot injection tests, was split in two smaller injections and the
effect of the dwell between them - varied in the range 5 + 50 degrees crank angle — was investigated as well.

The results of the first set of experiments revealed that pilot injection timing and pressure both affect the
combustion development. This resulted in sensible variations on thermal and combustion efficiencies, and
therefore on fuel conversion efficiency, the last one exhibiting higher values with pilot injection timing slightly
advanced respect to top dead center and lower injection pressure. In these conditions, total hydrocarbons and
carbon monoxide are lowered, while nitric oxides are increased. The amount of gas demonstrated to have a
secondary effect on combustion development and emissions levels at the exhaust.

Splitting pilot injection, demonstrated to be an effective way to increase fuel conversion efficiency and to
reduce the levels of all the pollutant species compared to the single pilot injection strategy. Based on the ex-
tensive experimental activity described in this paper, a dwell ranging between 10 and 30 degrees of crank angle,
combined with a first injection timing ranging between 35 and 20 degrees of crank angle before top dead center
guarantee the highest fuel conversion efficiency and the lowest pollutants emission levels. Injection pressure
confirmed to be a significant factor in affecting the combustion development, while a secondary effect was
determined by the gaseous mass inducted in the cylinder.

Ultimately, pilot injection splitting demonstrated to be an effective way for improving gaseous fuel com-
bustion in dual-fuel mode at low load (lean mixture) conditions.

Producer gas
Injection pressure
Injection timing
Injection splitting

1. Introduction

Worries about crude oil supplies and oil price instabilities are
pushing the research towards the evaluation of alternative energy
sources. Among them, biomasses appear to have promising potentials.
In fact, thanks to local availability, they are considered very suitable for
decentralized power and heat production. Through several available
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processes, biomasses can be converted in fuels more suitable for the
utilization in Internal Combustion Engines (ICE) [1,2]. Among them,
producer gas has drawn particular attention either as primary fuel for
feeding spark ignition [3] or Homogeneous Charge HCCI Compression
Ignition (HCCI) engines [4], or as secondary fuels in dual-fuel engines
[5-8]. In particular, dual-fuel combustion, consisting in the introduc-
tion of gaseous fuel into the combustion chamber and its ignition by
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Nomenclature

ABDC After Bottom Dead Center

ATDC After Top Dead Center

BBDC Before Bottom Dead Center

BP Vessel backpressure

BTDC Before Top Dead Center

CAD Crank Angle Degrees

(o) Carbon Monoxide

COVpyep Coefficient of Variance of indicated mean effective pres-

sure
(dpeyi,aps/dCAD)max  Maximum rate of cylinder pressure rise

dw Dwell between the two injections beginning
ES Energy Substitution rate

ET Injection duration

HCCI Homogeneous charge compression ignition
HRR Heat Release Rate

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure

NO, Nitric Oxides

PM Particulate Matter

Qp Biodiesel amount injected per cycle

SOI Start Of Injection

SOI p Biodiesel pilot injection timing

THC Total Hydrocarbons

TDC Top Dead Center

Pin Engine intake pressure

p_rail Biodiesel rail injection pressure

Tin Engine intake temperature

Ape Instantaneous transfer surface area

Hi piod Biodiesel lower calorific value

Higr Gaseous fuel lower calorific value

P; Engine Indicated power

Qpet In-cylinder net heat released

Quw Heat transferred to the cylinder walls

T Instantaneous bulk temperature in the cylinder
Ty Temperature of the cylinder walls

v Instantaneous cylinder volume

h. Heat transfer coefficient

k Specific heat ratio

My Intake air mass flow rate

Mpiod Biodiesel mass flow rate

Hgr Gaseous fuel mass flow rate

n Engine speed

ng Number of crank revolutions for each power stroke
Deyiabs  Absolute cylinder pressure

m Combustion efficiency

e Thermal efficiency

nf Fuel Conversion Efficiency Referred to the Indicated

Power

means of a small amount of diesel oil or similar fuel, is particularly
attractive as it can be implemented, with relatively simple modifica-
tions using a traditional diesel engine. Many works have shown that in
this way it is possible to obtain a significant reduction of nitric oxides
(NOy) and particulate matter (PM) emissions keeping constant or only
slightly penalizing the engine overall efficiency [9]. Drawbacks are the
higher levels of total hydrocarbons (THC) and carbon monoxide (CO)
measured at the exhaust believed to be due to both the overleaning of
the air-gaseous fuel mixture at low loads, and the mixture escaping
during the valve overlap.

Combustion and related emission levels in dual-fuel engines can be
controlled in many ways. The composition of gaseous fuel, for example,
plays an important role, as demonstrated in [10-13] as well as the
utilization of biodiesel or blends of biodiesel and standard diesel as
pilot fuel [14-16]. The Energy Substitution rate (ES) is also a very
important factor, as demonstrated, for example, in [17,18] as well as
boost pressure [4,19], intake temperature [4,20] and exhaust gas re-
circulation [21]. Pilot injection parameters, like injection pressure,
timing, quantity, and number of injections, play a fundamental role in
controlling combustion development and consequently pollutant
emission levels in dual-fuel engines as reported in [22-29]. The same
analysis, in terms of advance, pressure and fuel quantity related to pilot
injection, has been done on an engine fed with biodiesel and simulated
producer gas [6]. Afterwards, the pilot injection has been split into two
smaller “split” injections, the first injection aiming as usual at igniting
the producer gas, while the second trying to “boost” the combustion of
the producer gas also during the late combustion phase [7]. It was
concluded that splitting the injection has a major influence on both
combustion development and NO,, CO and THC tailpipe emissions,
beneficial when the dwell between injections is in the range 10-30
degrees crank angle. With the dwell ranging in this interval, also the
fuel conversion efficiency is increased. Data presented in [7] have been
all obtained injecting the pilot fuel at 500 bar. This injection pressure is
relatively low if compared to the current state of the art of diesel in-
jection systems. Injecting the pilot fuel at a higher pressure would
contribute to better diffuse it into the combustion chamber, so ob-
taining a more complete combustion of the gaseous fuel even at low
loads. Despite the literature concerning the dual-fuel combustion is very
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rich, it is difficult to find works dealing with the effect of the pressure at
which the pilot fuel is injected. Therefore, in the first part of this work,
the spray morphology of pilot injections varying the injection pressure
has been characterized on a constant-volume vessel for different values
of injected amount and vessel backpressure. Then, a single cylinder
diesel engine has been run at 1500 rpm and fed with a constant amount
of biodiesel and variable amount of simulated producer gas, for this
reason referred to as “syngas” in the following. The effect of pilot in-
jection pressure and timing - the latter varied on a wide range - and
producer gas quantity has been evaluated in the case of a single pilot
injection and when the pilot injection is split into two split injections,
with variable dwell, on cylinder pressure, heat release rate (HRR),
combustion and fuel conversion efficiency and NO,, THC and CO
emission levels at the exhaust.

2. Experimental setup
2.1. Characterization of the spray morphology

The morphology of the liquid phase of the spray has been char-
acterized in conditions representative of the actual operation used
during the experimental campaign on the engine in order to support the
analysis of data. The tests on sprays have been performed injecting the
biodiesel into a constant-volume steel chamber using a 5-holes common
rail injector (model Bosch 0445110266-825) characterized by a nozzle
diameter equal to 0.170 mm, a cone angle equal to 142° and the cone
axis coincident with the axis of the injector body. The constant-volume
vessel was equipped with quartz optical accesses in order to allow the
spray lighting with external light source, as well as the injection event
images recording. Once the rail pressure had reached the desired value
— acting on the duty-cycle of the electrovalve on the return line of the
high pressure pump - a signal was generated, triggering both the in-
jection event (through a homemade injector driving board, see [30] for
more details) and the images acquisition through a MEMRECAM GXlink
camera. The images have been acquired with a sample rate of 20 kHz
and a 308 x 304 pixel resolution exposing the spray to an external light
source in order to increase the contrast between the spray and the
chamber background. The images so acquired were converted in black
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and white in order to calculate the temporal evolution of penetration
(length of the segment joining the tip of the liquid phase to its nozzle
exit) and shape ratio (ratio between the penetration and the maximum
depth of the liquid phase in the direction orthogonal to the penetration)
for each spray. More details about the post-processing of the spray
images are reported in [30]. During the experimental campaign de-
scribed in the present paper, the injection duration, rail pressure,
pressure into the constant-volume chamber (backpressure) and dwell
between the two injections (in case of injection split in two injections)
have been varied on a range of values representative, as previously said,
of the actual operation used during the experimental campaign on the
engine. Table 1 summarizes the experimental plan for the liquid phase
characterization, specifying the levels assigned to each variable during
the experiments. The total amount of fuel injected during each test
(either performing a single injection or two injections) was kept con-

stant and equal to 11 mm?>,

2.2. Experiments on single cylinder research engine

A single cylinder, 4-stroke, common-rail Diesel research engine
(AVL model 5402) was used to analyze the effect of biodiesel injection
parameters and strategy on the biodiesel-producer gas dual-fuel com-
bustion. The technical features of the engine are reported in Table 2,
while in Fig. 1 the scheme of the experimental layout is reported. The
gaseous fuel has been introduced in the intake duct of the engine by
means of an injector consisting of an automatic poppet valve, with
contrast spring, actuated by the gaseous fuel introduced by a solenoid
valve in an small accumulation volume [27]. The solenoid valve was
actuated using a duty cycle D = 50% with a frequency of 30 Hz. During
the tests, the injector has been positioned along the intake duct, at a
distance of about 400 mm from the cylinder axis, so that a homo-
geneous gaseous air-fuel mixture was obtained before inducting it into
the cylinder. The mixture entered the cylinder through an intake port
shaped to provide the flux with a swirl bulk motion.

The Machinery Laboratory at University of Salento is equipped with
a mixing system for gaseous species, whose operative scheme is pre-
sented in Fig. 1. This system allows to obtain a gaseous mixture of CO,
H, and No; the percentage of each species can be arbitrarily fixed. The
mixture, whose pressure can vary in the range 0-10 barg, is first stored
in a cylinder and then delivered to the engine. During the tests, the
composition of the syngas was kept constant (see Table 3); the com-
position was chosen similar to the composition of the producer gas
obtained by the gasification of lignocellulosic biomass in a gasifier-ICE
system developed by a local company [31].

A pilot injection of biodiesel was used as ignition source for the
gaseous fuel. The biodiesel injection system was equal to the one used
for spray morphology characterization on the constant-volume vessel.
The main specifications of the biodiesel used during tests are reported
in Table 3.

The experiments carried out on the engine are divided in two ses-
sions (see Table 4). In the first session, during which only one pilot
injection quantity Q_p of 11 mm?/cycle was performed, the effect of the
rail pressure (p_rail) and pilot injection timing (SOI_p) has been studied
for different amount of syngas rii, (and different related values of ES,
reported in Table 4) feeding the engine. During the second session, the
effect of pilot injection splitting was added. The dwell (i.e. the angular
or time interval) between the two injections beginning was varied on
levels reported in Table 4, while the amount of fuel totally injected
during the two injections was kept equal to that characterizing tests
with only one pilot injection. Referring to the last cell identified in-
tersecting the last row and last column of Table 4, the first number of
each label (SOI) is the injection timing of the first injection, while the
numbers reported in round bracket, are the dwells tested for that par-
ticular injection timing of the first injection. For example, the label
—50/(30 - 40 - 50) indicates that the dwells of 30, 40 and 50 CAD have
been tested for a first injection timing (SOI) of —50 CAD After Top
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Dead Center (ATDC).

During tests presented in this paper, the average mass flow rate of
gaseous fuel was varied on the levels reported in Table 4 in order to
simulate three fueling conditions.

During the experiments, data acquisition started only when the
engine had reached steady operating conditions in particular in terms of
engine speed, torque and cooling water temperature. The in-cylinder
pressure was measured with a piezoelectric pressure sensor AVL QC33C
triggered through an AVL angle encoder model 364 C every 0.2 CAD.
Furthermore, the pegging of the in-cylinder pressure was done through
the absolute pressure measurement in the intake duct. The absolute
pressure transducer was a Kistler piezoresistive sensor type 4045A2.
The in-cylinder pressure signals (absolute cylinder pressure, pcyiaps)
related to 25 consecutive cycles were stored and then averaged. The
accuracy of the pressure transducer was less than + 0.5 bar, while the
sensitivity shifts and the range error of the pressure amplifier (AVL
model 3066A01) was less than 1%. The measurement error in the
analogue/digital data conversion and acquisition has been evaluated
equal to 0.3%.

The gross Heat Release Rate (HRR) was then calculated as:

HRR = dQne[ de
d(CAD)  d(CAD) @
The term d‘:g:e]; ) has been estimated based on the single zone sim-
plified model:
dQu: _ k a1 Doyt abs
d(CAD) _ k=1P''g(cap) " k=1 d(CAD) @

where k, ratio between constant pressure and constant volume specific
heats, has been assumed equal to 1.38, while V is the instantaneous

cylinder volume. The term %, accounting for the heat transfer
through the cylinder walls, has been estimated as:
dQW
———— = Aph (T-T,
d(CAD) ht c( w) (3)

where Ap, is the instantaneous exchange area of the combustion
chamber, T is the instantaneous bulk temperature in the cylinder esti-
mated with the state equation of the perfect gases, T, is the temperature
of the cylinder walls considered constant and equal to 600 [K], mean
value among cylinder head, piston and cylinder walls, while the heat
transfer coefficient h. was estimated as proposed by Woschni [32]. The
maximum error in this calculation, due to the errors in the pressure
measurement, is around 2%. Based on cylinder pressure, it was possible
to estimate the indicated power P; supplied by the engine:

$

cycle

n
Pi = pcyl,abs av
ng

“@
where n is the engine speed while ng (=2 in this case) is the number of
crank revolutions for each power stroke. The biodiesel average mass
flow rate was measured by means of a AVL 733S Fuel Balance, char-
acterized by a maximum measurement error in the testing conditions

Table 1
DokE for the spray characterization (single and split injection).

Description Abbreviation [m.u.] Tested values

Experimental DoE — Spray characterization (single injection)

Rail pressure/Injection p_rail [bar]/ET [ps]
duration

Backpressure

500/370; 1000/210

BP [bar] 7-11-22-40

Experimental DoE — Spray characterization (split injection)

Rail pressure/Injection p_rail [bar]/ET [ps] 500/230; 1000/140

duration
Backpressure BP [bar] 7-11-22-40
Dwell between the two dw [ms] 06-11-17-22-3.3

injections beginning —44-5-56
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Table 2
Main specifications of single cylinder diesel engine.
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Table 3
Main specifications of biodiesel and syngas.

Specification Nominal value/description
Maximum power 18 kW

Bore 85 mm

Stroke 90 mm

Connecting rod length 148 mm

Compression ratio 17.1:1

Combustion chamber
Injection system
Max. Injection pressure 1300 bar
Valve timing Opening
Intake 13.5 CAD BTDC
Exhaust 51.5 CAD BBDC

bowl with valve pockets and flat head
common-rail

Closing
46.5 CAD ABDC
16.5 CAD ATDC

equal to 3%.

The flow rate of the syngas is measured through a thermal flow
controller manufactured by Aalborg Instruments and Controls Inc.,
model DFC 36. Furthermore, in order to take into account the compo-
sition of the flowing gas mixture, the measured value has been cor-
rected because the controller was calibrated with nitrogen. In order to
correct this value, temperature and pressure of the flowing mixture
have been continuously monitored through a pressure gauge and a K-
type thermocouple. The measurement error of the different instruments
is reported in Table 5. The measurement of the fuels mass flow rate
allowed to estimate the fuel conversion efficiency referred to the in-
dicated power P;:

P
Ftpiod Hipioa + Migr Higr 5)

U

where H;,q and H;g are the lower calorific value respectively of bio-
diesel and syngas (see Table 2) while r,y is the mass flow rate of
biodiesel.

Gaseous regulated pollutant emission such as NOy, THC and CO
were measured with an AVL AMAIi 60 emission analyzer. In particular,
NOy levels were measured through a ChemiLuminescence Detector
(CLD) analyzer, whose operation is based on the measurement of the
light emitted during the oxidation of nitrogen oxide, NO, with ozone,
O3;. THC levels have been measured through a Flame Ionization
Detector (FID) analyzer, the operating principle being based on the
ionization of the carbon atoms through a hydrogen flame immersed in
an electric field. Finally, CO levels have been measured through an
Infrared Detector (IRD) analyzer; the operating principle is based on the
measurement of a non-dispersive infrared radiation, correlated to the
concentration of the component to be measured. Each analyzer is

Gas Pressure

R egulator

Gas Mixer

One-Way-Valve

Fuel Property Value
Water content 205 mg/kg
Viscosity@40 °C 4.458 mm?/s
Flash point 169 °C
Cetane number 52

Biodiesel Density@15 °C 883.5 kg/m?
Total glycerine 0.2% m/m
Methanol 0.03% m/m
Methyl ester 97.3% m/m
Lower Calorific Value 36.5 MJ/kg
Estimated air-to-fuel 14.5
stoichiometric ratio
N, purity > 99.9995%
H, purity > 99.995%
H, Lower Calorific Value 142 MJ/kg

Syngas and CO purity > 99.90%

Constituents ~ CO Lower Calorific Value 18 MJ/kg

Properties Syngas formulation 60%vol. N, 20%vol. Hy 20%

vol. CO

Estimated Lower Calorific Value 26.2 MJ/kg

Estimated air-to-fuel 1.209
stoichiometric ratio

characterized by having a linearity <2% of reading. All emission levels
measurements have been converted in g/kWh referred to indicated
power.

PM emissions have not been measured during tests; however, they
are not considered a main issue for the following reasons. On one hand,
the mixture preparation (mainly premixed), is expected to lead to few
rich zones, believed as the zone where PM is generated from. On the
other hand, the injection splitting usually determines a better utiliza-
tion of the air in the cylinder [33-36], especially in the engines
equipped with swirling intake port, as the one used in the present study.
Therefore, the injection splitting, investigated in this work, is reason-
ably expected to determine a reduction of PM emissions, already low-
ered thanks to the substitution of diesel fuel with syngas. The measured
experimental parameters and their accuracies are summarized in
Table 5.

3. Results and discussion
3.1. Spray morphology

In Fig. 2 the morphological characterization of biodiesel pilot sprays
is presented. In particular, for different backpressures reported on the

Air
Compressor
—d—rE'}—d— PLENUM
Air Flow Air Pressure
Meter Regulator
Fuel 7 Fud
Balance m g’ Tank
Fud
Pump

RPM Controller

EDDY-CURRENT
DYNAMOMETER [

A

A

Fig. 1. Experimental setup for tests on diesel engine.
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Table 4

Factors and corresponding levels varied during tests.
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Description Abbreviation Tested levels

Experimental setup — General

Syngas mass flow rate Tgp 0.36 [kg/h] (ES = 35%) — low fueling level
0.68 [kg/h] (ES = 50%) — medium fueling level
1.15 [kg/h] (ES = 65%) — high fueling level

Biodiesel amount injected per cycle Qp 11 [mm®/cycle]

Engine speed n 1500 [rpm]

Experimental setup — Session 1

Biodiesel rail injection pressure p_rail 500 - 1000 [bar]

Biodiesel pilot injection timing SOLp —50/—-35/—20/—10/0/5 [CAD ATDC]

Experimental setup — Session 2

Biodiesel rail injection pressure p_rail 500 - 1000 [bar]

Timing of the first biodiesel injection/dwell between beginning of first and second biodiesel injections SOI/dwell —50 [CAD ATDC]/(30 - 40 - 50) [CAD]

—35 [CAD ATDC]/(15 — 25 - 35 — 40 - 45) [CAD]
—20 [CAD ATDC]/(10 - 20 — 25 - 30) [CAD]
—10 [CAD ATDC]/(10 - 15 - 20) [CAD]

0 [CAD ATDC]/(5 - 10) [CAD]

5 [CAD ATDC]/(5) [CAD]

Table 5
Accuracies of various measurement instruments.

Measured parameters Unit Accuracy

Biodiesel flow rate kg/h + 0.12% of reading
Syngas mass flow rate kg/h + 0.05 kg/h

Air mass flow rate kg/h =<1% of reading

Temperatures C

Cylinder pressure bar
Intake pressure bar
THC emissions ppm
NOy emissions ppm
CO emissions ppm

=<1% of reading
< * 0.5 bar

< =+ 0.006 bar
<2% of reading
<2% of reading
<2% of reading

A

left side: Fig. 2a shows the penetration, as a function of time, average of
the penetration of the five sprays, and the related standard deviation -
calculated over the five sprays - when injecting at 500 [bar] for a
duration of 370 [us]; Fig. 2b, c and d compare respectively the average
penetration, the shape factor and the temporal evolution of the spray
shape obtained varying the rail pressure and the injection duration in
order to keep constant the injected amount.

Fig. 2a indicates that increasing backpressure sensibly reduces the
dispersion (standard deviation) of penetration, and consequently shape
factor, among the five plumes. From Fig. 2b it can be argued that spray
penetration is somewhat independent of injection pressure, as already
described in [37]; moreover, as well established in literature, the
maximum penetration of the jet decreases as the backpressure

500 [bar}/370 [ps]

1000 [bar}/210 [us]

-m-avg penetration p_rai =500 bar ET =370 s

7 bar

400
time [ps]

--5006-370ps
—+-1000b-210us

.}f#ﬁw‘

0 200 400 600
time [pss]

800

shape ratio [

-8-5006-370ps
—&-1000b-2104s

S & e
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time [s]

600 800
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time [us]

800
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time [us]
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~8-5000-370ps
—&-1000b-210ps

ar e
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time [us]
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—+-1000b-210us

-m-500b-370ps
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(a)

(b)

(c) (d)

Fig. 2. Morphological characterization of biodiesel pilot sprays: a) average penetration and standard deviation vs time (p_rail = 500 [bar], ET = 370 [us]; b) spray average penetration;

¢) spray shape factor; d) spray shape.

758



A.P. Carlucci et al.

increases. Furthermore, for all the backpressure values tested, the jet
penetration never exceeds 20 mm; this means that, in the actual in-
jection conditions, neglecting the autoignition of the spray, the pene-
tration of the liquid phase will cover only about one half of the max-
imum available radial distance, equal to half the cylinder bore. This
dimension is roughly equal to that of the bowl, therefore, it is deducible
that the spray will not impinge the walls of the bowl itself. The utili-
zation of the air trapped into the cylinder will be therefore penalized.
These comments will be useful in supporting the analysis of the results
related to the burning of these sprays. Although a granulometric
characterization of the jet has not been done, it is likely to expect that
the spray injected at 1000 bar is dispersed more finely than at 500 bar.
The shape factor is higher with lower injection pressure, as shown in
Fig. 2c, since the bigger droplets obtained with a lower injection
pressure determines a lower influence of the viscous forces exchanged
between droplets and air on the droplets trajectory.

Splitting the injection (and thus reducing the amount introduced for
single injection event), both the penetration and the shape factor are
slightly reduced compared to the case with single injection. In this case
too, increasing the injection pressure determines a reduction of shape
factor while, to a first approximation, p_rail has not effect on penetra-
tion; moreover, the increase of the backpressure significantly reduces,
in this case too, the dispersion of the penetration curves with the re-
spect to the average penetration and shape factor of the individual
sprays. The dispersion values determined on penetration and on the
shape factor do not vary significantly between single and split injec-
tions.

3.2. Effect of injection pressure and gaseous fuel amount on combustion
development

From now on, results referring to tests performed with low, medium
and high fueling rate of syngas will be labeled as “low”, “medium” and
“high”. Data obtained performing only pilot injection will be labeled as
“bio”. Figs. 3 and 4 show the HRR histories calculated on the basis of
cylinder pressure measured at high syngas fueling rate for different
pilot timing (varied from —50 CAD ATDC up to 5 CAD ATDC), when
pilot injection pressure is equal to 500 bar (Fig. 3) and 1000 bar
(Fig. 4). Tests have been run injecting always the same amount of
gaseous fuel (riyy = 29 g/cycle) and biodiesel (Q_p = 11 mm?>/cycle,
corresponding to an energizing time equal to 370 and 210 ps respec-
tively at p_rail = 500 and 1000 bar). The obtained biodiesel/air/gas-
eous fuel mixture was characterized by an overall air and fuel (bio-
diesel + gaseous fuel) excess-air ratio equal to about 3, and by an
estimated stoichiometric air-gaseous fuel ratio equal to 1.2. Comparing
these figures, it can be observed that, performing the pilot injection
close to TDC, a higher injection pressure leads to a premixed-like
combustion, while, decreasing the injection pressure, it is also visible a
second stage combustion during the expansion stroke. Advancing the
injection up to —50 CAD ATDC, on the contrary, determines a totally
different behavior: in fact, with a lower injection pressure, the com-
bustion exhibits a premixed-like development, while increasing the
injection pressure, a slower combustion is observed, sensibly different
from the premixed-like behavior. This is thought to be due to the
overleaning of the mixture, resulting from a high injection pressure and
a very advanced SOI p leading to a longer ignition delay and a more
advanced combustion [7].

The behavior of the ignition delay and HRR peak are synthesized in
Figs. 5 to 9. Fig. 5 plots the ignition delay for different SOI_p and p_rail
without introducing syngas, while in Fig. 6 data referring to the high
syngas fueling rate are reported. Compared to SOI_p, p_rail has a minor
effect on ignition delay, although, interestingly, its effect changes if the
injection is very advanced. In these conditions, in fact, a high injection
pressure determines a longer ignition delay, while, retarding the in-
jection, a lower injection pressure leads to a longer ignition delay. This
result too can be related with the overleaning of the mixture and
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keeping in mind that a higher injection pressure determines smaller
droplets. When the pilot liquid is injected close to TDC, smaller droplets
leads to a reduction of ignition delay, as the preignition phenomena in
these conditions are governed by physical processes. On the contrary,
for very advanced injections, where chemical kinetics time constants
govern the preignition phenomena, a higher injection pressure, still
determining smaller droplets, contribute to further overleaning the
mixture in the pilot zone, therefore retarding its ignition. This is con-
firmed in Figs. 7 and 8, where HRR peaks corresponding to the early
combustion phase are reported for different SOI p and p_rail, and dif-
ferent amounts of syngas fueling rates. It can be noticed that the be-
havior of the HRR peak is concordant with that of the ignition delay as
far as pilot injection is not much advanced. In this case, however, the
very long ignition delay leads to the overleaning of the mixture and a
slower combustion, in particular when high p_rail is adopted and so a
better spray atomization is obtained. p_rail and syngas fueling rate do
not affect HRR peak angle (also reported in Figs. 7 and 8) that usually
results advanced with advanced SOI_p.

Comparing Figs. 5 and 6 the effect of syngas on ignition delay can be
analyzed. With the syngas, the ignition delay is generally decreased;
moreover, injecting at 1000 bar leads to an ignition delay always lower
than at 500 bar. The effect cannot be attributed to a different value of
specific heat, since the value is similar between gaseous mixture and
air. It could be argued that the effect is related to the heat exchanged
with the cylinder walls during the filling phase, higher when the gas-
eous fuel is burned in addition to pilot fuel. Fig. 9 reports the behavior
of the ignition delay for different amounts of syngas: as visible, the
effect of the variation of syngas is marginal, therefore the trend in Fig. 6
cannot be explained with the variation of the heat exchanged with the
cylinder walls during the filling phase. Moreover, looking at Figs. 7 and
8, increasing the amount of syngas leads to an increase of the fuel
burning during the “premixed” combustion phase, without varying the
angle in which this combustion takes place. Therefore, it must be
concluded that the ignition delay with syngas (Fig. 6) is dominated by
the concentration of reactant species.

Finally, in Fig. 10, the effect of injection pressure on both CA_50
(combustion position) and CA_ 90 - CA_10 (combustion duration) is
highlighted. This plot is representative of the trends observed for every
value of syngas introduced into the combustion chamber and even in
absence of syngas. The combustion duration is always lower with
higher injection pressure, thanks to the faster combustion obtained with
smaller droplets of biodiesel. Concerning CA_50, Fig. 10 first reveals
that, progressively advancing pilot injection, an advance of CA_50 is
firstly observed, followed by a “plateau”, indicating that a further
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Fig. 3. Heat Release Rate versus crank angle for different pilot injection timings with
p_rail = 500 bar: 1500 rpm, pi, = 129 kPa, Ti, = 28°C, Q_p = 11 mm®/cycle (high
syngas fueling rate).
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Fig. 4. Heat Release Rate versus crank angle for different pilot injection timings with
p_rail = 1000 bar: 1500 rpm, p;, = 129 kPa, T;, = 28°C, Q_p = 11 mm3/cyc1e (high
syngas fueling rate).
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Fig. 5. Ignition delay versus pilot injection timing for two different injection pressure
values: 1500 rpm, p;, = 129 kPa, Tj, = 28 °C, Q_p = 11 mm®/cycle (only biodiesel).
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Fig. 6. Ignition delay versus pilot injection timing for two different injection pressure
values: 1500 rpm, p;, = 129 kPa, T;, = 28°C, Q_p = 11 mm3/cyc1e (high syngas fueling
rate).

advance of the center of combustion cannot be obtained simply acting
on SOL_p. The injection pressure also affects CA_50 behavior: with SOI_p
ranging between —35 and 5 CAD ATDC, a higher injection pressure
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Fig. 7. HRR peak versus pilot injection timing for different syngas load with:
p_rail = 500 bar, 1500 rpm, p;, = 129 kPa, T;, = 28°C, Q_p = 11 mm3/cyc1e.
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Fig. 8. HRR peak versus pilot injection timing for different syngas load with:
p_rail = 1000 bar, 1500 rpm, p;, = 129 kPa, T, = 28 °C, Q_p = 11 mm>/cycle.
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Fig. 9. Ignition delay versus pilot injection timing for different syngas load with:
p_rail = 1000 bar, 1500 rpm, pi, = 129 kPa, T, = 28 °C, Q_p = 11 mm®>/cycle.

determines a combustion position more advanced; further advancing
pilot injection, a higher injection pressure determines a combustion
position more retarded. As previously underlined, this effect could be
due to an excessive overleaning of the mixture preparation due to long
ignition delay and smaller droplets of liquid fuel.
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Fig. 10. CA50 and CA90-CA10 versus pilot injection timing for two different injection
pressure values: 1500 rpm, p;, = 129 kPa, Tj, = 28°C, Q_p = 11 mm>/cycle (high
syngas fueling rate).

It is expected that the overall combustion duration and position
both affect the conversion efficiency, 7. However, in the tested oper-
ating conditions, the conversion efficiency can be determined either by
the pilot timing and by the completeness of the combustion. The high
mixture overleaning, accentuated performing the pilot injection too
early or too late, together with the use of a fuel characterized by a low
calorific value, are factors that can determine, as will be seen, a low
combustion efficiency, defined as:

n = 1— 2 X Hi,
b Hbiod Hi biod + Migf Higf
Mq + Mpiod + mg-

©

in which x; is the mass fractions of CO, H,, HC and PM measured at the
exhaust, H;; the related lower calorific values, and m, is the air mass
flow rate at engine inlet. Because the composition of HC in the exhaust,
and thus their H;;, are not known, the combined mass-fraction-
weighted H; of biodiesel and syngas has been used to represent the
lower calorific value of HC. Moreover, because gravimetric PM was not
measured, it was not considered in the combustion efficiency calcula-
tions. The efficiency of the thermodynamic cycle, namely the thermal
efficiency, was calculated as:

i
My

‘ @

In Figs. 11 and 12, the behavior of 7, 17, and 7y are reported varying
SOLp, p_rail and the amount of syngas introduced. Analyzing the be-
havior of the thermal efficiency 7. (Figs. 11a and 12a) it is visible how it
significantly decreases advancing of delaying the pilot injection. Such
expected behavior is determined, in the first case, by a too early igni-
tion, even in the compression phase, of the pilot fuel and, as a result, of
the gaseous mixture (see also Figs. 2 and 3); in the second case, on the
other hand, the heat release takes place during the expansion phase and
this does not allow an optimal use of the heat released from the fuel.
The cycle efficiency 5. weakly depends also on the quantity of gaseous
fuel introduced, and increases increasing the quantity, probably due to
the higher temperatures reached in the combustion chamber. Finally, a
lower injection pressure allows the achievement of higher 7.

Combustion efficiency #n, (Figs. 11b and 12b) shows the same de-
creasing behavior either advancing or retarding SOI_p, marginally af-
fected by the injection pressure. This trend too can be justified con-
sidering that a too advanced injection causes an overleaning that makes
the complete fuel combustion difficult.

Fuel Conversion Efficiency #s values are finally reported in
Figs. 11c and 12c. This behavior is, again, qualitatively in agreement
with what reported in literature [28]. It consists in an increasing trend
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first and successively in a decreasing trend retarding the injection
timing. Since the fuel introduced into the cylinder is always the same,
then the behavior of the fuel conversion efficiency related to different
syngas fueling rates coincides with the behavior of Indicated Mean
Effective Pressure (IMEP).

In Figs. 13 and 14, the effect of SOI_p on the Coefficient of Variance
of IMEP (COViygp) is shown for different syngas fueling rates, respec-
tively when pilot fuel is injected at 500 and 1000 bar. It is visible that
COVyep always assumes values ranging between 0.5% and 2%; as a
first approximation, it can be also concluded that SOIp and syngas
fueling rate have not a strong effect on COVyyp. Comparing the two
figures, it can be concluded that increasing injection pressure leads to a
slight increase of COVpygp.

In Figs. 15 and 16, the effect of SOI_p on the maximum rate of
pressure rise (dpcyiaps/dCAD)max is shown for different fueling rates,
respectively when pilot fuel is injected at 500 and 1000 bar. With the
addition of syngas, the maximum rate of pressure rise slightly decreases
with retarded pilot injections, while slightly increases with advanced
pilot injections. Comparing the two figures, it can be also concluded
that increasing injection pressure leads to a slight reduction of the
maximum rate of pressure rise when SOL p is significantly advanced.

In Figs. 17 and 18, the effect of injection timing on NO, con-
centration at the exhaust is represented for different values of syngas
fueling rates. Comparing the two figures, the effect of the variation of
injection pressure of pilot injection can be highlighted. NOy levels ex-
hibit an increasing-decreasing behavior with retarding the injection for
all values of syngas rate and injection pressure. This behavior is also
confirmed by data reported for dual-fuel combustion [8,13,22,28].
Referring to data already present in literature, it could be argued that a
further increase of SOI_p would have led to a further decrease of NOy
levels. However, these tests have not been performed in this study
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Fig. 11. Thermal Efficiency (a), Combustion Efficiency (b) and Fuel Conversion Efficiency
(c) versus pilot injection timing for different syngas fueling rates with: p_rail = 500 bar,
1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle.
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Fig. 12. Thermal Efficiency (a), Combustion Efficiency (b) and Fuel Conversion Efficiency
(c) versus pilot injection timing for different syngas fueling rates with: p_rail = 1000 bar,
1500 rpm, p;, = 129 kPa, Tj, = 28 °C, Q_p = 11 mm>/cycle.
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Fig. 13. COV of IMEP versus pilot injection timing for different syngas fueling rates with:
p_rail = 500 bar, 1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle.

since, as already shown In Figs. 11 and 12, this would lead to an un-
acceptable reduction in overall efficiency.

The overleaning of the biodiesel/air/gaseous fuel mixture deriving
from a very advanced pilot injection is at the basis of this behavior (as
already described in [6]). The injection pressure of the liquid fuel plays
a key role in decreasing NO, concentration at the exhaust. For injec-
tions close to TDC, an increase of injection pressure leads, as expected,
to a limited increase of NO, levels. However, a higher value of p_rail
(Fig. 18) leads to a drastic reduction of NO, advancing pilot injection
more than —20 CAD ATDC; a lower injection pressure (Fig. 17) de-
termines a similar reduction only advancing pilot injection more than
—40 CAD ATDC. Still in this case, this behavior can be explained
considering that a higher injection pressure determines smaller
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Fig. 14. COV of IMEP versus pilot injection timing for different syngas fueling rates with:
p_rail = 1000 bar, 1500 rpm, p;, = 129 kPa, T;, = 28°C, Q_p = 11 mm3/cyc1e.
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Fig. 15. Peak of cylinder pressure rise rate versus pilot injection timing for different
syngas fueling rates with: p_rail = 500 bar, 1500 rpm, pin = 129 kPa, Tin = 28 °C,
Q.p = 11 mm®/cycle.
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Fig. 16. Peak of cylinder pressure rise rate versus pilot injection timing for different
syngas fueling rates with: p_rail = 1000 bar, 1500 rpm, p;, = 129 kPa, T;, = 28 °C,
Q.p = 11 mm®/cycle.

droplets, then a faster and more complete atomization taking into ac-
count the long ignition delay. All these phenomena lead to a more
homogeneous combustion and therefore to lower local temperatures.
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Fig. 17. NOy emissions versus pilot injection timing for different syngas fueling rates:
1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm3/cycle, p_rail = 500 bar.
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Fig. 18. NO, emissions versus pilot injection timing for different syngas fueling rates:
1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm3/cyc1e, p_rail = 1000 bar.

From the two figures it is also possible to highlight that the presence of
a syngas in variable amount has a secondary effect on NOy levels,
mainly consisting in a shift of NOy levels deriving from the combustion
without syngas towards more advanced pilot injections. This result can
be determined by the combustion behavior already analyzed in Figs. 7
and 8, from which it was highlighted that, with syngas, the peak of HRR
is advanced without varying significantly the related crank angle. NO,
emission levels follow the same behavior, being mainly affected by the
temperature reached during combustion, function of the heat release
rate.

In Figs. 19 and 20, the effect of injection timing on THC con-
centration at the exhaust is represented for different values of syngas
fueling rates. Comparing the two figures, the effect of the variation of
injection pressure of pilot injection can be highlighted. Similarly to
what reported in [25], the behavior of THC is characterized by a first
decreasing trend associated to a variation of injection timing from high
to intermediate advance; then a slow increase is observed, from inter-
mediate to retarded timing. The tendency of fuel droplets to spread in
all the combustion chamber, in particular close to the cylinder liner, as
a result of long ignition delay associated to very advanced injections
(see also Figs. 5 and 6) is at the basis of this behavior. Increasing in-
jection pressure determines a pilot spray more spread and shorter (see
Fig. 2). This, in turn, contributes in further overleaning the mixture, so
determining THC emissions higher than using a lower injection pres-
sure. From the two figures it is also possible to highlight that the pre-
sence of a syngas in variable amount determines a significant reduction
of THC levels only at very advanced or very retarded pilot injections;
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moreover, the amount of syngas trapped into the cylinder has a sec-
ondary effect on THC levels.

In Figs. 21 and 22, the effect of injection timing on CO concentra-
tion at the exhaust is represented for different values of syngas load.
Comparing the two figures, the effect of the variation of injection
pressure of pilot injection can be highlighted.

CO oxidation is promoted by the presence of OH radicals, which
form in high temperature regions. Sjoberg and Dec in [38] showed that,
for complete oxidation of CO to CO,, local temperatures of at least
1500 K are needed under homogeneous conditions, along with the
availability of OH radicals and sufficient residence time at these high
temperatures. The calculation of bulk temperature using the equation of
state of ideal gases and cylinder pressure acquisitions shows that the
highest cylinder temperature estimated in the whole experimental
campaign barely reaches 1000 K, due to the high dilution of mixture
and to the low lower heating value of syngas. Moreover, maximum
cylinder temperature tends to decrease either advancing or retarding
pilot injection. This explains the observed behavior of CO emission le-
vels.

From the two figures it can be highlighted that the presence of a
syngas in variable amount determines a sensible increase in CO re-
tarding the pilot injections, while, when it is advanced, CO levels with
syngas are lower. Moreover, the amount of syngas trapped into the
cylinder has a significant effect on CO levels: when the pilot injection is
advanced, CO levels increase as the syngas amount decreases, while the
effect is opposite as the pilot injection is retarded. This behavior can be
observed with both low and high injection pressure. Trends discussed in
this session have been also reported in other works [8,39].

3.3. Effect of biodiesel injection splitting

As previously shown, the absolute values of the fuel conversion
efficiency are low. Since the low efficiency and high emission levels are
supposingly due to the poor combustion determined by the syngas,
characterized by a low calorific value, splitting the pilot injection has
been tested as a way to sustain the syngas combustion [6]. Preliminary
results have already demonstrated that the different behavior of the
combustion with split injections has a significant influence also on
tailpipe emissions: fuel conversion efficiency values and CO and THC
levels at tailpipe indicate that for intermediate values (between 10 and
30 CAD) of dwell between the two pilot injections the combustion of
the fuel trapped into the cylinder is more complete; NO, emissions
confirm this evidence, exhibiting higher levels usually associated to a
high heat release rate. Therefore, the role of injection parameters, as
well as the amount of syngas into the cylinder, requires a deeper study
in order to be fully understood with the aim of further reduce fuel
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Fig. 19. THC emissions versus pilot injection timing for different syngas fueling rates:
1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle, p_rail = 500 bar.
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Fig. 20. THC emissions versus pilot injection timing for different syngas fueling rates:
1500 rpm, p;, = 129 kPa, Ti, = 28 °C, Q_p = 11 mm>/cycle, p_rail = 1000 bar.
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Fig. 21. CO emissions versus pilot injection timing for different syngas fueling rates:
1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle, p_rail = 500 bar.
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Fig. 22. CO emissions versus pilot injection timing for different syngas fueling rates:
1500 rpm, pi, = 129 kPa, Ti, = 28 °C, Q_p = 11 mm>/cycle, p_rail = 1000 bar.

consumption and pollutant emissions levels. In this section, the effect of
pilot injection pressure and the syngas fueling rate will be analyzed
based on a second experimental campaign in which the injection of
pilot fuel has been split.

In Figs. 23 and 24, the HRR histories are reported, obtained when
two split injections, respectively at 500 and 1000 bar, are operated; the
first injection was always characterized by a timing of —35 CAD ATDC,
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while the dwell between the beginning of the two injections was varied
in the range 15 + 45 CAD. For comparison purposes, also the HRR
behavior obtained with only one pilot injection, injected with a timing
equal to the one characterizing the first split injection, is reported.

Increasing the injection pressure, it can be seen that: when the dwell
between the two injections is low (equal to 15 CAD in the case of —35
and —20 CAD ATDC respectively for first and second split injections)
the HRR related to the two injections cannot be distinguished in this
case as well: only one premixed heat release phase is observed with a
higher peak compared to the previous case. Increasing the dwell be-
tween the two injections, on the contrary, a two-phases HRR is clearly
visible. The first phase of the combustion is not significantly different if
compared to the first phase observed with the lower injection pressure.
The second peak of combustion, in this case too, first decreases and then
increases with the longer dwell between the two injections, but it is
characterized by a higher value and a premixed-like behavior if com-
pared to the corresponding observed at lower injection pressure.

The described combustion development determines different values
of the fuel conversion efficiency. In particular, in Figs. 25 and 26 the
value of fuel conversion efficiency 7, referred to the indicated power as
a function of dwell between the two split injections for different in-
jection timings of the first split injection are reported (in black) re-
spectively for p_rail equal to 500 and 1000 bar. In order to compare the
fuel conversion efficiency 7, between single and split injections, the
value of the fuel conversion efficiency 7, related to the single pilot in-
jection (in grey) is plot on the same figures. It is possible to note that,
increasing the dwell, #, first increases and then decreases. Furthermore,
it is highlighted that splitting the pilot injection always leads to an
increase of 7. It is possible to note that 7, increases whatever first in-
jection timing and dwell compared to the single injection.

For both p_rail values, the highest 7, values are observed for a dwell
of 20 CAD. Moreover, increasing p_rail (Fig. 26) leads to an overall
increase of 7;; in particular, the maximum value is increased from 20%
up to 25%.

In Figs. 27 and 28, COVyygp as a function of dwell between the two
split injections for different injection timings of the first split injection
are reported (in black) respectively for p_rail equal to 500 and
1000 bar. In order to compare the COVyygp between single and split
injections, the value of the COVyyp related to the single pilot injection
(in grey) is plot on the same figures. The results, shown with low syngas
fueling level but representing those obtained with medium and high
levels, demonstrate, on one hand, that dwell has no fundamental effect
on COVyygp; on the other hand, increasing p_rail, COVyygp does not
vary significantly; a slight increase is observed when the dwell is
around 5-10 CAD, probably due to the low repeatability of injection
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Fig. 23. Heat Release Rate versus crank angle for different dwells between the two split
injections with SOI = —35 CAD ATDC and p_rail = 500 bar: 1500 rpm, p;, = 129 kPa,
Tin = 28 °C, Q_p = 11 mm®/cycle (medium syngas fueling rate).
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Fig. 24. Heat Release Rate versus crank angle for different dwells between the two split
injections with SOI = —35 CAD ATDC and p_rail = 1000 bar: 1500 rpm, pi, = 129 kPa,
Tip = 28 °C, Q_p = 11 mm>/cycle (medium syngas fueling rate).
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Fig. 25. Fuel conversion efficiency referred to the indicated power versus dwell between
first and second split injections for different first split injection timings (SOI) with
p_rail = 500 bar and comparison with pilot injection results: 1500 rpm, p;, = 129 kPa,
Tin = 28 °C, Q_p = 11 mm®/cycle (low syngas fueling rate).
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Fig. 26. Fuel conversion efficiency referred to the indicated power versus dwell between
first and second split injections for different first split injection timings (SOI) with
p_rail = 1000 bar and comparison with pilot injection results: 1500 rpm, p;, = 129 kPa,
Tin = 28°C, Q_p = 11 mm>/cycle (low syngas fueling rate).
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Fig. 27. COV of IMEP versus dwell between first and second split injections for different
first split injection timings (SOI) with p_rail = 500 bar and comparison with pilot injec-
tion results: 1500 rpm, pi, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).
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Fig. 28. COV of IMEP versus dwell between first and second split injections for different
first split injection timings (SOI) with p_rail = 1000 bar and comparison with pilot in-
jection results: 1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).
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Fig. 29. Peak of cylinder pressure rise rate versus dwell between first and second split
injections for different first split injection timings (SOI) with p_rail = 500 bar and com-
parison with pilot results: 1500 rpm, pij, = 129kPa, Tj, = 28°C,
Q_p = 11 mm®/cycle (low syngas fueling rate).
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Fig. 30. Peak of cylinder pressure rise rate versus dwell between first and second split
injections for different first split injection timings (SOI) with p_rail = 1000 bar and
comparison with pilot injection results: 1500 rpm, pi, = 129kPa, Ti, = 28°C,
Q_p = 11 mm®/cycle (low syngas fueling rate).

event performing two close injections.

In Figs. 29 and 30, (dpcyiaps/dCAD)max as a function of dwell be-
tween the two split injections for different injection timings of the first
split injection are reported (in black) respectively for p_rail equal to 500
and 1000 bar. In order to compare the (dpcy;aps/dCAD)ymax between
single and split injections, the value of the (dpc, aps/dCAD)max related to
the single pilot injection (in grey) is plot on the same figures. The re-
sults, shown with low syngas fueling level but representing those ob-
tained with medium and high levels, demonstrate that peak of pressure
rise rate is affected by injection splitting depending on SOI and dwell;
for retarded SOI (—10, 0 and +5 CAD ATDC) peak of pressure rise rate
is decreased whatever the dwell; for advanced SOI (—20, —35, —50
CAD ATDC) peak of pressure rise rate is increased, with this increased
more pronounced using intermediate values of dwell (10 + 40 CAD).

In Figs. 31 and 32, NO, emission data versus dwell between first and
second split injection for different injection timings are compared re-
spectively for p_rail equal to 500 and 1000 bar. In order to compare
NO, emission data between single and split injection, NO, values re-
lated to the single pilot injection (in grey) are plot on the same figures.

The general trend indicates that NOy levels first increase and then
decrease increasing the dwell between the two split injections. For both
p_rail values, the highest NOy levels are observed for a dwell ranging
between 10 and 30 CAD, coincident with the range in which the highest
fuel conversion efficiency has been observed. Moreover, increasing
p_rail (Fig. 32) leads to an overall increase of NO, levels, this experi-
mental observation being due to the higher rate of heat release de-
termined splitting the pilot injection, as already observed in Figs. 23
and 24. Referring to Fig. 31, it is visible that splitting the pilot injection
leads to a decrease of NOy levels whatever the first injection timing and
the dwell are. Increasing p_rail (Fig. 32), the split injection determines a
reduction on NOy levels only when intermediate first injection timings
(—20 and —10 CAD ATDC) are used; in all the other cases, splitting the
pilot injection determines an increase of NO, levels.

In Figs. 33 and 34, THC emission data versus dwell between first
and second split injections for different injection timings are compared
respectively for p_rail equal to 500 and 1000 bar. In order to compare
the THC emission levels between single and splitting injection, THC
levels related to the single pilot injection (in grey) are plot on the same
figures (please note that THC level measured with p_rail = 1000 bar
and a single pilot injection timing equal to —50 CAD ATDC is not re-
ported in the figure because too high, equal to 103 g/kWh).

It is possible to note that, increasing the dwell, THC levels first
decrease and then increase. Furthermore, it has been highlighted that
the lowest THC levels observed is for a dwell ranging between 10 and
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30 CAD coincident with the range in which the highest fuel conversion
efficiency has been observed. Moreover, increasing p_rail (Fig. 34) leads
to an overall increase of THC levels.

It is possible to note that THC levels decrease whatever first injec-
tion timing and dwell compared to the single injection.

Results comparable to those observed for THC emissions have been
observed for CO emissions; i.e. first decreasing and then increasing with
increasing dwell. In Figs. 35 and 36, CO emissions versus dwell between
first and second split injections are reported for different injection
timings, respectively for p_rail equal to 500 and 1000 bar. In Fig. 36, CO
level measured performing a single pilot injection with SOI_p equal to
—50 CAD ATDC is not reported because too high, equal to 1880 g/
kWh. Furthermore, it has been highlighted, also for CO, that the lowest
CO levels observed is for a dwell ranging between 10 and 30 CAD for
both p_rail values. Moreover, increasing p_rail (Fig. 36) leads to an
overall decrease of CO levels.

Summarizing, results previously shown allow to argue that the in-
jection splitting is an effective way for sustaining the gaseous fuel
combustion at low loads in dual-fuel engines combustion. Its beneficial
effect, resulting in an increase of 7, and a reduction on THC, NO, and
CO emission levels compared to the single injection strategy, can be
obtained only properly tuning the timing of both injections. Injection
pressure also plays a key role; interestingly, its effect on regulated
gaseous emissions is beneficial if set at lower values, given the parti-
cular dynamics of atomization, diffusion and vaporization associated to
small (pilot) injections.

4. Conclusions

In this work, the improvements in the combustion development at
low loads deriving from the splitting of the liquid fuel injection have
been assessed on a common-rail injection, single-cylinder research
diesel engine equipped with a high pressure common rail injection
system and operated in dual-fuel mode. In this case, a synthetic pro-
ducer gas was used as inducted gaseous fuel, while biodiesel was used
as pilot fuel.

Initially, the spray morphology was characterized in a constant-
volume vessel for different values of injection duration and pressure, as
well as vessel backpressure.

Then, the experimental campaign run on the engine was divided in
two sessions. During the former, only one pilot injection of constant fuel
amount was performed, while the rail pressure and injection timing
were varied together with the amount of gaseous fuel trapped in the
cylinder. During the latter, the pilot injection was split in two smaller
injections and the effect of the dwell between them was investigated as
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Fig. 31. NOy emissions versus dwell between first and second split injection for different
first split injection timings (SOI) with p_rail = 500 bar and comparison with pilot injec-
tion results: 1500 rpm, p;, = 129 kPa, Ty, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).
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Fig. 32. NOy emissions versus dwell between first and second split injection for different
first split injection timings (SOI) with p_rail = 1000 bar and comparison with pilot in-
jection results: 1500 rpm, p;, = 129 kPa, Tj,, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).
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Fig. 33. THC emissions versus dwell between first and second split injection for different
first split injection timings (SOI) with p_rail = 500 bar and comparison with pilot injec-
tion results: 1500 rpm, pi, = 129 kPa, Tj, = 28 °C, Q_p = 11 mm>/cycle (low syngas
fueling rate).
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Fig. 34. THC emissions versus dwell between first and second split injection for different
first split injection timings (SOI) with p_rail = 1000 bar and comparison with pilot in-
jection results: 1500 rpm, p;, = 129 kPa, T;,, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).
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Fig. 35. CO emissions versus dwell between first and second split injection for different
first split injection timings (SOI) with p_rail = 500 bar and comparison with pilot injec-
tion results: 1500 rpm, pi, = 129 kPa, Tj, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).
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Fig. 36. CO emissions versus dwell between first and second split injection for different
first split injection timings (SOI) with p_rail = 1000 bar and comparison with pilot in-
jection results: 1500 rpm, p;, = 129 kPa, T;, = 28 °C, Q_p = 11 mm®/cycle (low syngas
fueling rate).

well.

The results of the first set of experiments revealed that pilot injec-
tion timing and pressure both affect the combustion development. This
resulted in sensible variations on thermal and combustion efficiencies,
and therefore on fuel conversion efficiency, the last one exhibiting
maximum values with pilot injection timing is slightly advanced respect
to top dead center and lower injection pressure. In these conditions,
total hydrocarbons and carbon monoxide were lowered, while nitric
oxides were increased. The amount of gas demonstrated to have a
secondary effect on combustion development and emissions levels at
the exhaust.

Splitting pilot injection, demonstrated to be an effective way to
increase fuel conversion efficiency and to reduce the levels of all the
pollutant species compared to the single pilot injection strategy with
the engine operating at low loads. Based on the extensive experimental
activity described in the paper, a dwell ranging between 10 and 30
degrees of crank angle, combined with a first injection timing ranging
between 35 and 20 degrees of crank angle before top dead center
guarantee the highest fuel conversion efficiency and the lowest pollu-
tants emission levels. Injection pressure confirmed to be a significant
factor in affecting the combustion development, while a secondary ef-
fect was determined by the gaseous mass inducted in the cylinder.

Summarizing, results previously shown allow to argue that the
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injection splitting is an effective way for sustaining the gaseous fuel
combustion in dual-fuel engines, operating at low loads. Its beneficial
effect, resulting in an increase of y and a reduction on THC, NO, and
CO emission levels compared to the single injection strategy, can be
obtained only properly tuning the timing of both injections. Injection
pressure also plays a key role; interestingly, its effect on regulated
gaseous emissions is beneficial if set at lower values, given the parti-
cular dynamics of atomization, diffusion and vaporization associated to
small (pilot) injections.
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