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a b s t r a c t

Dual-injection strategies in spark-ignition (SI) engines allow the in-cylinder blending of two different
fuels at any blend ratio, when simultaneously combining port fuel injection (PFI) and direct-injection
(DI). This offers increased flexibility and the potential to optimize the combustion process depending
on the engine requirement and fuel availability. Until now, little or no research evidence exists on the
experimental comparison of dual-injection to DI in the combustion of gasoline–biofuel blends. Therefore,
in this work the authors evaluate this comparison using a new biofuel candidate: 2,5-dimethylfuran
(DMF). The differences in performance are examined using D25 (25% DMF in gasoline, by volume) in a
single cylinder SI research engine operating at 1500 rpm and varying load (3.5–8.5 bar IMEP). All tests
were carried out at stoichiometry (k = 1) using the cross-over theory of the carbon monoxide and oxygen
emissions concentrations. The current results are promising for dual-injection. The improved mixture
preparation compared to DI results in lower combustion durations and higher in-cylinder pressures. This
gives rise to higher indicated thermal efficiencies and lower fuel consumption rates compared to the
same blend (D25) in DI (up to 4% and 3.2%, respectively). More significantly, the lower fuel consumption
rate with dual-injection (on a volumetric basis), is up to 1.2% lower than with gasoline in homogenous DI
(GDI) up to 8 bar IMEP, despite the use of a lower energy density biofuel.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

There is an increasing need to revolutionize the energy supply
chain in order to increase regional energy security and combat ris-
ing global CO2 emissions. This adds to the underlying concern that,
based on current trends, leading energy forecasters expect the
world’s petroleum to be depleted within the next 40 years [1,2].
Therefore, it is important to search for alternative and sustainable
energy sources in order to alleviate environmental stress and
confront the ballooning energy demand. In the UK, it is believed
that biofuels offer the most viable mid-term supplement for, or
ll rights reserved.
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substitute to gasoline, compared to technologies which are in their
infancy (hydrogen fuel cells and full electric platforms) [3].

Although the idea of fuelling internal combustion engines with
biofuels is not new [4], its use is receiving increased worldwide
attention, including that of novel alternatives [5]. Liquid biomass
offers a high energy density option and is compatible with existing
combustion systems. In Europe, the promotion of biofuels has led
to a legislative approach; by 2020, all EU member states must
conform to a 10% minimum target on the use of alternative fuels
(biofuels or other renewable fuels) in transportation [6]. In the
US, tax incentives have been used to promote the use of ethanol
in gasoline [7], in an effort to replicate the success in Brazil [8].
Government policy on energy use is also changing in emerging na-
tions [9]. For large energy consuming nations, such as China and
India, which have an increasing gap between energy demand and
supply, the biofuel route offers improved energy security and re-
duced dependency on imported oil. Therefore, more emphasis is
being placed on the automotive sector to, not only design compat-
ible systems with these alternative fuels, but to also optimize their
use in neat form and in blends with gasoline.

The success of each biofuel option will largely be determined by
the energy density. In general, for oxygen containing fuels, the en-
ergy density decreases as the oxygen content increases. Therefore,
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there is a shift towards fuels with lower oxygen content, like n-
butanol [10,11]. However, there is also an emerging biofuel candi-
date – 2,5-dimethylfuran (or DMF, as it has become known) –
which has an even closer energy density match to gasoline (within
8%). Since the recent disclosure of its improved manufacturing
techniques in 2007 [12,13], research has been prompted into its
potential use as a gasoline alternative biofuel [14,15]. Not only does
DMF have a higher energy density than other popular oxygenated
gasoline alternative fuels (methanol, ethanol and n-butanol), it is
also insoluble in water (avoiding potential contamination issues).
The first publications on the engine combustion and emissions
characteristics of DMF were recently reported by the authors of
this paper [16,17]. This further adds to the portfolio of research
undertaken by the University of Birmingham, UK and Xi’an Jiatong
University, China [18–23]. Furthermore, the most recent work
discusses the use of DMF using the dual-injection strategy [24].
However, this previous work was evaluated at sub-optimal engine
conditions (the throttle openings and ignition timings were
fixed, despite the use of different blend ratios) and more impor-
tantly, did not compare the effectiveness of blends in dual-
injection to DI.

The automotive industry is beginning to focus on the optimal
combustion of biofuels with gasoline. Traditionally, in terms of
fuel injection, the approach has mirrored that with gasoline; the
biofuel, in neat or blended form, is injected using either port fuel
injection (PFI) or direct-injection (DI). However, the properties of
gasoline–biofuel blends can exhibit non-linear relationships [25]
and some fuels, like methanol, require additives to overcome
phase separation [26]. In order to cope with this non-linear behav-
ior, the preparation of each externally mixed blend should be well
understood. In addition to this, each injection method (PFI and DI)
has differing benefits depending on the operating mode [27].
Therefore, in order to avoid phase separation issues and maximize
the use of gasoline–biofuel blends, the authors have investigated
the possible leveraging of both injection systems simultaneously.
This, not only introduces the flexibility of an instantaneously var-
iable blend ratio, it avoids the need for phase separation additives.
However, this novel combustion mode is relatively unexplored
technology and the effectiveness of blends in dual-injection
(PFI + DI) compared to DI only is unknown, especially when using
DMF.

The high potential of the dual-injection technology has seen the
creation of a Massachusetts Institute of Technology (MIT) spin-off
company in 2006: Ethanol Boosting Systems LLC (EBS). The
researchers have examined the potential of ethanol (hydrous and
anhydrous) boosted direct- and dual-injection engines to help cool
the charge and suppress knock with only modest hardware modi-
fications [28–30]. Ford Motor Co. is also investigating the dual-
injection technology with their ‘Ecoboost’ gasoline turbo-charged
direct-injection (GTDI) engines. Here, PFI gasoline and DI E85
(15% gasoline and 85% ethanol, by volume) has been used to im-
prove the engine efficiency by suppressing knock at high loads
[31]. Other automotive original equipment manufacturers (OEMs)
that have investigated the combination of PFI and DI fuelling (al-
beit with gasoline in both injectors) include Toyota Motor Co.
and more recently, Audi AG. The work by Toyota in 2006 demon-
strated the improved engine performance (fuel economy and tor-
que) and reduced emissions at full load using a 3.5 L V6 gasoline
engine (2GR-FSE) [32]. For Audi, the dual-injection technique is
being used in a turbocharged 1.8 L gasoline engine. As with the
2GR-FSE engine, this combustion mode contributes to higher fuel
efficiencies compared to conventional single injection, albeit at
part-load only [33].

The authors of this paper take a different approach to utilizing
dual-injection technology. The work directly analyses the differ-
ences between externally and internally (in-cylinder) mixed gaso-
line–biofuel blends using a single cylinder, 4-stroke SI engine. The
suitability of DMF to dual-injection is the main focus of this work.
By fixing the blend ratio, the effect of low blends of DMF (25% DMF
in gasoline, by volume) at low loads and low speed (fixed at
1500 rpm) can be investigated. This opposes the approach by the
aforementioned leading automotive OEMs (Toyota, Ford and Audi)
who have focused on medium to high load performance. The
authors of this work believe that these results present a new ap-
proach to dual-injection; biofuels with high energy density but
low heat of vaporization (unlike ethanol and methanol) are the
main beneficiaries. The results for DMF are counterintuitive to
the approach made by the OEMs and EBS using ethanol (low en-
ergy density but high vaporization). In the following sections, the
engine setup, experimental results and finally conclusions are
discussed.

2. Experimental setup

2.1. Engine and instrumentation

The experiments were performed on a single-cylinder, 4-stroke
SI research engine, as shown in Fig. 1. The 4-valve cylinder head in-
cludes the Jaguar spray-guided direct-injection (SGDI) technology
used in their V8 production engine (AJ133) [34]. It also includes
variable valve timing technology for both intake and exhaust
valves, which, for this study, was kept constant. As well as firing
under high pressure (150 bar) SGDI conditions, a low pressure
(3 bar) PFI system is available. Early start of injection (SOI) timing
(280� bTDC) was optimized for the highest volumetric efficiency
and homogeneity [25], which occurs close to the location of the
highest piston speed. The two fuelling modes (PFI and DI) can be
used independently or simultaneously.

The engine was coupled to a DC dynamometer to maintain a
constant speed of 1500 rpm (±1 rpm), regardless of the engine tor-
que output. The in-cylinder pressure was measured using a Kistler
6041A water-cooled pressure transducer which was fitted to the
side-wall of the cylinder head. The signal was then passed to a
Kistler 5011 charge amplifier and finally to a National Instruments
data acquisition card. Samples were taken at 0.5CAD intervals for
300 consecutive cycles, so that an average could be taken. The
crankshaft position was measured using a digital shaft encoder
mounted on the crankshaft. Coolant and oil temperatures were
controlled at 85 �C and 95 �C (±3 �C) respectively using a Propor-
tional Integral Differential (PID) controller. All temperatures were
measured with K-type thermocouples.

The engine was controlled using software developed in-house
written in the LabVIEW programming environment. High-speed,
crank-angle-resolved and low-speed, time-resolved data was also
acquired using LabVIEW. This was then analyzed using MATLAB
developed code so that an analysis of the combustion performance
could be made.

2.2. Fuel flow measurement

The fuel consumption rate was calculated (and blend ratios con-
trolled) using the volumetric air flow rate (measured by a positive
displacement rotary flow meter and stabilized by a 100 L intake
plenum), known DI injector calibration curves for each fuel and
by inferring the PFI fuel flow (see Eq. (1)). All tests were run at stoi-
chiometric conditions (k = 1), which was controlled using the
cross-over of the carbon monoxide (CO) and oxygen (O2) emissions
concentrations, as described in detail in a previous publication by
the authors [24].

mf ;PFI ¼
ma � ðmf ;DIÞAFRs;DI

AFRs;PFI
ð1Þ
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Fig. 1. Schematic of engine and instrumentation setup.

Table 1
Test fuel properties.

DMF Gasoline

Chemical formula C6H8O C6.62–C11.88

H/C ratio 1.333 1.795
O/C ratio 0.167 0
Gravimetric oxygen content (%) 16.67 0
Density @ 20 �C (kg/m3) 889.7a 744.6
Research octane number (RON) 101.3b 96.8
Motor octane number (MON) 88.1b 85.7
Octane index ([RON + MON]/2) 94.7 91.25
Stoichiometric air fuel ratio 10.72 14.46
LCV (MJ/kg) 32.89a 42.9
LCV (MJ/L) 29.26a 31.9
Flash point (�C) 1 �40
Heat of vaporization (kJ/kg) 332 373
Stoichiometric heat of vaporization (kJ/kgair) 31 25.8
Initial boiling point (�C) 92 32.8

a Measured at the University of Birmingham: ASTM D240.
b API Research Project 45 (1956) and Phillips data.
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The resulting fuel properties for the D25 blends in dual-injec-
tion were accurately calculated based on the final volume from
each injector for each case. Therefore, linear interpolation between
DMF and gasoline was then used to interpret the individual hydro-
gen-to-carbon (H/C), oxygen-to-carbon (O/C), stoichiometric air–
fuel ratios (AFRstoich) and lower calorific values (LCV). The D25
blends in DI were externally mixed and measured accurately using
a graduated measuring cylinder and burette.

2.3. Test fuels

The DMF used in this study was supplied by Beijing LYS Chem-
icals Co. Ltd., China at 99.8% purity. The 97 RON gasoline was
supplied by Shell Global Solutions, UK. A high octane gasoline
was chosen as this represents the most competitive characteristics
offered by the market and provides a strong benchmark to DMF.
The fuel characteristics for gasoline and DMF are shown in Table 1.

2.4. Fuelling variations

For clarity, the fuelling variations used in this work have been
abbreviated in the remaining sections. When using gasoline in
PFI or DI it is referred to as PFI or GDI, respectively. When using
DMF, in neat form in DI, the notation DDI has been used. Therefore,
when referring to dual-injection, which comprises PFI and DDI, the
notation G-DDI is used. In this work D25 has been used as the only
blend in DI and dual-injection. For each case, this blend fraction is
subscripted after the DMF element in the previous notations. For
instance, D25DI is used for DI and G-D25DI for dual-injection. A
summary of this information is found in Table 3.

2.5. Experimental procedure

The engine was considered warm once the coolant and lubricat-
ing temperatures had stabilized at 85 �C and 95 �C, respectively. All
the tests were carried out at the AFRstoich (k = 1), fixed injection
timing (280� bTDC) and engine speed (1500 rpm), ambient air in-
take conditions (approximately 25 �C ± 2 �C) and constant valve
timing (see Table 2). Unlike the previous work on dual-injection
by the authors [24], the ignition timing in this work has been opti-
mized. The averaged in-cylinder pressure data (from 300 consecu-
tive cycles) was then analyzed using MATLAB.

Engine load sweeps (3.5–8.5 bar indicated mean effective pres-
sure (IMEP) in 1 bar increments) were performed for all fuel varia-
tions described in Table 3 (PFI, GDI, DDI, D25DI and G-D25DI). At
each load, the ignition timing was advanced in order to find the
minimum advance for best torque or MBT timing [35]. If audible
knock occurred, the timing was retarded by 2CAD, an arbitrarily
safe margin and is denoted KL-MBT, or knock-limited MBT timing.
Repeats were performed and an average was used to present the
results.

When changing fuels, the high pressure fuelling system was
purged using nitrogen until the lines were considered clean. Each
blend was mixed vigorously prior to each test, in order to discour-
age phase separation (no fuel additives were available). Once the
line was re-pressurized to 150 bar using the new fuel, the engine
was run for several minutes. This made sure that no previous fuel



Table 3
Test variations.

PFI fuel DI fuel Notation

Gasoline PFI
Gasoline GDI
DMF DDI

DI and dual-injection blends (25% DMF, by vol.)
DMF/gasoline D25DI

Gasoline DMF G-D25DI

Table 2
Engine specification.

Engine type 4-Stroke, 4-valve
Combustion system Dual-injection: PFI and spray-guided DISI
Swept volume 565.6 cm3

Bore � stroke 90 � 89 mm
Compression ratio 11.5:1
Engine speed 1500 rpm
Injector Multi-hole Nozzle
PFI pressure and SOI Timing 3 bar, 50� bTDC
DI pressure and SOI Timing 150 bar, 280� bTDC
Intake valve opening 16� bTDC
Exhaust valve closing 36� aTDC
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remained on the injector tip or any combustion chamber crevices
before any data was acquired.
3. Results and discussion

3.1. PFI compared to GDI

In their detailed technical review, Zhao et al. emphasized the
growing presence of DI in modern engines due to the influence
of injection timing [27]. However, when employing an early injec-
tion or homogenous strategy, PFI retains some clear advantages. In
order to highlight the differences between PFI and homogenous DI
the authors have analyzed the performance of gasoline in both
modes. The results are presented in Fig. 2 and help to explain the
attraction of the dual-injection strategy.

At low load (3.5 bar IMEP) there are negligible differences in
efficiency between PFI and homogenous DI (Fig. 2a). However, as
the load increases the efficiencies begin to separate. Although the
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PFI and GDI with varying load.
part-load efficiency benefits of PFI are greater than homogenous
DI, this would be exceeded using DI stratification due to reduced
pumping work. Nevertheless, the authors have used homogenous
DI as a baseline in this study due to its simplicity to control over
stratified combustion. At 7 bar IMEP the two modes cross and
the superior PFI mode is superseded by homogenous DI. Until this
load PFI operation generates greater efficiencies (higher indicated
thermal efficiency and lower fuel consumption) due to higher peak
in-cylinder combustion pressures (Pmax) which helps to lower the
combustion duration (Fig. 2b). Above 7 bar IMEP, the benefits of
charge-cooling are more apparent with homogenous DI. The igni-
tion timing can be advanced due to greater knock suppression,
which results in similar consequences in Pmax and the resulting
combustion duration as found with PFI below 7 bar IMEP. For PFI
at high load, the benefits of the lower throttling losses are also
offset by the increased knocking susceptibility. The advantage in
indicated thermal efficiency for PFI and homogenous DI at their
peaks (6 bar and 8.5 bar respectively) is around 1%. Although the
efficiency for homogenous DI increases with load, PFI rises and falls
with a higher gradient almost symmetrically about 6 bar IMEP. The
change in indicated thermal efficiency from 6.5 bar to 8.4 bar IMEP
is 1.3% and in terms of fuel consumption is 9.9 g/kWh.

In summary, the difference in efficiency with load is primarily
due to the charge-cooling effect with homogenous DI. When using
PFI, the fuel evaporation event occurs much earlier (increasing
homogeneity) and is largely caused by intake manifold wall and
valve wetting. This reduces the cooling effect on the intake temper-
ature as the energy is transferred elsewhere and generates higher
combustion temperatures (and pressures) than an equivalent
homogenous DI system. This increased physical intensity raises re-
duces the combustion duration and thus increases efficiency.
Although, for homogenous DI, this cooling effect is detrimental at
low loads, at higher loads, it helps to suppress knock and allows
the ignition timing to be more advanced, which, in turn increases
the combustion pressure and resulting efficiency.

Clearly, each mode has benefits in different operating loads.
Therefore, the aim of dual-injection is to combine the benefits of
the two injections modes in order to maintain a high efficiency
across a wider load range. When combining this ‘hybrid’ injection
strategy with two different fuels, the varying benefits from the
individual constituents can be further combined. The results from
the authors’ experimental work are presented in the next few sec-
tions and show the promising prospect of this strategy with such
gasoline alternative biofuels as DMF.
b
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3.2. Dual-injection compared to DI

The indicated thermal efficiency has been selected to highlight
the varying influence of each element within the dual-injection
and DI blends. This is followed by a direct comparison of D25 in
DI (D25DI) and dual-injection (G-D25DI) in order to better highlight
the differences. Following the indicated thermal efficiency analysis,
the impact on fuel consumption and volumetric efficiency is
shown. The in-cylinder pressure and resulting mass fraction
burned (MFB) data is then analyzed to better explain these trends
in efficiency due to combustion.

3.2.1. Indicated thermal efficiency
The improvements in indicated thermal efficiency when using

DMF in DI (DDI) compared to gasoline in DI (GDI) are shown in
Fig. 3. This is due to greater ignition advance because DMF has a
higher octane index (OI) and marginally higher charge-cooling ef-
fect, as shown in Table 1. This anti-knock quality is related to its
compactness and the reduced branching of hydrocarbons [36].
Even though the two methyl groups are likely to first react during
combustion, more energy is required to break the five-ring com-
pound structure of DMF due to the strong oxygen bond. Further-
more, the higher stoichiometric heat of vaporization of DMF
(31 kJ/kgair) contributes to greater knock suppression compared
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to gasoline (25.8 kJ/kgair). However, the lower AFRstoich of DMF
(Table 1) suggests that the peak indicated thermal efficiency of
DDI is found at a higher IMEP than with gasoline due to the greater
throttling requirement and reduced volumetric efficiency with DDI
at each load. Nevertheless, this increase in indicated thermal effi-
ciency suggests that if DMF replaces gasoline as the DI element
in dual-injection, the indicated thermal efficiency can be theoreti-
cally improved over a ‘gasoline only’ dual-injection strategy.

The indicated thermal efficiency of G-D25DI is compared to its
constituent elements (DDI and PFI) in Fig. 4a. For most loads, the
indicated thermal efficiency of G-D25DI consistently exceeds that
with DDI and PFI. The peak indicated thermal efficiency of 36.2%
when using PFI is 0.7% higher (1.8% relative increase) and occurs
at a higher load when using G-D25DI (7 bar IMEP, as opposed to
5.7 bar IMEP with PFI). Above 7.8 bar IMEP, the indicated thermal
efficiency of G-D25DI then decreases below that with DDI, because
of the impact of the PFI element. The efficiency of the PFI element
is maintained at the lower loads (3.5–5.5 bar IMEP) and is im-
proved upon, by up to 1.7% (4.8% relatively), at the higher loads.
The synergetic reaction has also been seen to benefit compression
ignition (CI) engines [37]. Reitz and colleagues claim that the use of
pre-mixed early injection homogenous gasoline aids the combus-
tion of late injection stratified diesel in a CI engine. The lower-reac-
tivity gasoline charge helps to advance the start of combustion of
the higher-reactivity diesel charge, so that combustion occurs in
a smaller volume and results in an increased efficiency. This effect
on chemistry for optimal combustion is also supported through the
research at the authors’ institution on ‘Dieseline’; the mixing of
gasoline and diesel, rather than through in-cylinder blending
[38]. Such combustion benefits with in-cylinder blends are also
transferable to G-D25DI in a modern DISI research engine.

In comparison to dual-injection, the results for the equivalent
splash blends in DI (D25DI) are presented in Fig. 4b. The constituent
elements from Fig. 3 have been added to show the relationship
with DMF addition to GDI. Conversely to the positive impact of
G-D25DI, the results for D25DI are detrimental to performance com-
pared to DDI and GDI. The indicated thermal efficiency of D25DI
reaches a peak at 7 bar IMEP, which is at least 0.3% and 0.8% lower
than the peak with GDI and DDI, respectively. Although DMF is
immiscible in water [12], its miscibility in gasoline is unknown.
However, if like with methanol, DMF requires blending additives
to eliminate phase separation problems, the deterioration in per-
formance could be due to the blend separating into DMF-rich
phases and hydrocarbon-rich (gasoline) phases [36]. Usually when
this occurs, the combustion instability (COV of IMEP) increases.
Nevertheless, this non-linear behavior when blending oxygenated
fuels with gasoline has been seen in other research [25,39].
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The direct comparison of G-D25DI and D25DI is made in Fig. 5.
When using D25, the increase in indicated thermal efficiency from
D25DI to G-D25DI is between 0.9% and 1.4% for each load (up to 4%
relative increase). Although both modes reach a peak indicated
thermal efficiency between 7 and 7.5 bar IMEP, the efficiency at
high loads using G-D25DI is affected by the lower efficiency of
the PFI component. The rise rate of efficiency from low load
(3.5 bar IMEP) to the peak efficiency is also higher with G-D25DI.
This reinforces the improved combustion chemistry when using
PFI gasoline, a higher volatility fuel, to pre-mix the combustion
chamber and help promote the combustion of DMF. This may be
either due to the inability of DMF to mix in gasoline, or the syner-
getic nature of the separate injections when in dual-injection. Nev-
ertheless, thus far, dual-injection shows greater effectiveness in
the combustion of D25.

3.2.2. Fuel consumption
The improvements to indicated thermal efficiency, when using

D25 in dual-injection, are made more significant when analyzing
the effect on the indicated specific fuel consumption, or ISFC. In
this case, the volumetric ISFC is presented because this is the usual
indicator of fuel consumption, and therefore cost by the end-user.
This also promotes the case for DMF because it has a higher density
than gasoline (see Table 1). The volumetric ISFC for all test cases is
shown in Fig. 6. Immediately, there are two clear advantages with
dual-injection (G-D25DI). Firstly, the ISFC is reduced by up to 3.2%
(at 7.5 bar IMEP) from the equivalent DI blends (D25DI) and sec-
ondly, but also more significantly, the ISFC is reduced by up to
1.2% (at 5.5 bar IMEP) from GDI. This is a very promising result
and counterintuitive because the marginally lower volumetric
LCV of DMF is offset by the improved efficiency. These results fur-
ther highlight the synergy of dual-injection and the suitability and
usage of low blends of DMF. Although the ISFC with PFI is lower be-
low 6.7 bar IMEP than with G-D25DI, DI is the most widely used
injection method and so provides the benchmark in this work.
Nevertheless, above 7 bar IMEP, G-D25DI is up to 2.5% more effi-
cient than PFI (at 8.5 bar IMEP).

In order to better understand the reasons for the increases in
efficiency with dual-injection, the authors have examined the air
flow characteristics and in-cylinder pressure data in the following
sections.

3.2.3. Volumetric efficiency
The volumetric efficiency (VE) and intake manifold absolute

pressure (MAPi) for each test case are shown in Fig. 7. The MAPi

is inversely proportional to the pumping work; as the throttle wid-
ens with an increase in load, the pumping work is reduced and the
MAPi increases towards ambient pressure. Consistently with load,
G-D25DI produces lower VEs than with D25DI, despite both blends
(D25) having the same AFRstoich. At 8.5 bar IMEP, the VE of G-D25DI
is 2.4% lower than D25DI; less air is consumed because G-D25DI is
more effective at converting the fuel energy into useful work, as
shown by the indicated thermal efficiency in Fig. 5. The reduced
DI injection quantity of G-D25DI results in less charge-cooling
and lowers the VE.

The comparable MAPi between the modes is surprising. This is
because the PFI element in G-D25DI reduces the partial pressure
of the intake air and necessitates a greater throttle opening. How-
ever, in this instance, the throttle demand is similar because the re-
duced partial pressure is overcome by the increased charge cooling
caused by the DMF fuel injection in DI when using G-D25DI. This is
due to reduced piston impingement of the DI fuel under G-D25DI
which results in a loss of cooling to the surrounding intake air
[40]. Therefore, although the overall charge-cooling impact is
lower in G-D25DI than in D25DI, the fuel-specific effect is higher.
This helps to raise the density of the intake air and partially offsets
the need to open the throttle. The reduced piston impingement
could also help to explain the improvements in volumetric ISFC
of G-D25DI over D25DI as any piston impingement would compro-
mise the mixture quality and result in lower combustion rates.

The benefits of reduced piston impingement with dual-injection
are similar to the principle of double pulse or split-injection [41,42].
However, at wide-open throttle (WOT) the overall charge-cooling
effect with G-D25DI would be lower, potentially reducing the max-
imum IMEP achievable (although greatly improved from PFI)
compared to D25DI. Therefore, the greatest benefits at WOT with
dual-injection would be found when using fuels with a high heat
of vaporization but low LCV (increased pulse-width), like ethanol
and methanol [43].

3.2.4. In-cylinder pressure
By examining the in-cylinder pressure, the improvements in

efficiency seen in Sections 3.2.1 and 3.2.2 can be better explained.
The maximum rate of in-cylinder pressure rise or RPR and maxi-
mum in-cylinder pressure or Pmax, are shown in Fig. 8a and b,
respectively. Consistently with load, the combustion of G-D25DI
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Fig. 7. Volumetric efficiency and intake manifold pressure comparison with varying
load between D25 in DI (D25DI) and dual-injection (G-D25DI) to neat result in DI
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results in higher RPR and Pmax values than in PFI, GDI and D25DI
modes. Although these values are lower than those in DDI, the
addition of only 25% of DMF in DI dramatically improves the com-
bustion of gasoline in PFI. Throughout the load range, the RPR re-
mains high for G-D25DI, which helps to maintain a high indicated
thermal efficiency (Fig. 5). However, for D25DI, the RPR decreases
with loads above 4.5 bar IMEP. At 8.5 bar IMEP, the RPR of G-
D25DI is 0.97 bar/CAD compared to 0.73 bar/CAD with D25DI (33%
increase) and 0.65 bar/CAD in PFI (49% increase). The RPR and Pmax

values are primarily related to ignition timing. However, the igni-
tion timings between G-D25DI and D25DI are similar, as shown in
Fig. 9. This suggests that the higher RPR and Pmax values result from
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the higher combustion rates with G-D25DI, as that found with PFI
compared to GDI below approximately 6.5 bar IMEP (Fig. 2b). This
behavior will be discussed further in Section 3.2.5.

3.2.5. Mass fraction burned
PFI is known to increase the air–fuel mixture homogeneity in

the absence of charge-cooling [27]. As seen in Fig. 2b, this results
in higher burning rates (lower combustion durations), which in-
creases the combustion pressure (and temperature). In this section,
the combustion duration is defined as the 10–90% mass fraction
burned (MFB) period in crank angle degrees (CAD) and is herein
denoted CAD10–90. The MFB is calculated from the heat release
analysis using the standard method as described by Stone [35].
For this work, the effect on CAD10–90 is shown in Fig. 10. Although
DMF, has been shown to have a similar burning velocity to gasoline
under laminar, quiescent conditions [15,18,21,22], the high burn-
ing speed of DMF during engine combustion has also been shown
[16,17,23,24]. Therefore, the combination of PFI and DMF through
dual-injection, results in lower CAD10–90 than D25DI throughout the
entire load range. The largest difference is found at the highest load
(8.5 bar IMEP). Here, the CAD10–90 for G-D25DI is 19.7CAD, 13% low-
er than D25DI (22.8CAD) and 1.7CAD either side of GDI (21.4CAD)
and DDI (18CAD). Clearly, the retarded ignition timing between
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4.5 bar and 6.5 bar IMEP with G-D25DI (see Fig. 9) does not impede
the burning rate and the efficiency remains higher than D25DI due
to the low CAD10–90. This independence of CAD10–90 from ignition
timing is also shown by the combustion initiation duration or
CID in Fig. 11. This is defined as the CAD between the ignition tim-
ing and the location of 5% MFB. Above 4.5 bar IMEP, the CID of G-
D25DI is consistently lower than D25DI (up to 10% at 8.5 bar IMEP)
and is comparable to PFI. Therefore, the improved homogeneity of
PFI is negligibly affected by the addition of 25% of DMF in DI and
helps to combat the usual reliance on ignition timing. In summary,
dual-injection is more effective in terms of MFB and these results
highlight the advantage of combining different fuelling fuels and
modes with high individual burning speeds.
3.2.6. Combustion stability
The combustion stability or coefficient of variation (COV) of

IMEP of the various fuelling combinations is shown in Fig. 12.
The overall trend between the fuels is similar to the combustion
rates in Figs. 10 and 11. Once again, at lower loads (<6.5 bar IMEP)
there is a large difference in COV of IMEP between G-D25DI and
D25DI. The reduced CAD10–90 and CID of G-D25DI results in up to
20% (relatively) lower COV of IMEP. In fact, above 5 bar IMEP, the
COV of IMEP of G-D25DI is the lowest between all fuelling combi-
nations. Previously in Section 3.2.1, it was suggested that DMF
might be immiscible in gasoline as the indicated thermal efficiency
above 5.5 bar IMEP was less than that with the constituent ele-
ments. Usually, when this occurs (as with fuels like methanol)
the COV of IMEP would increase [36]. For D25DI in Fig. 12, the
COV of IMEP increases above 6.5 bar IMEP, which is more dramatic
than with DDI and GDI. This further suggests that a blending agent
might be needed when combining DMF with gasoline rather than
using splash blends as is possible with ethanol. Therefore, this will
be covered in future investigations by the authors.

4. Conclusions

This study explores the effect of dual-injection – the combina-
tion of PFI and DI technology – as a method to better utilize alter-
native fuel blends with gasoline. In particular, the authors have
compared the combustion performance of dual-injection using
2,5-dimethylfuran (DMF); a new biofuel candidate. In this work,
dual-injection is defined as the use of gasoline in PFI and DMF
in DI. Blends of D25 (25% DMF and 75% gasoline, by volume) have
been compared between dual-injection (G-D25DI) to that of DI
only (D25DI) in order to provide a benchmark for the assessment.
Furthermore, the 100% DMF case in DI (DDI) and gasoline in PFI
and DI (GDI) have been used to assess the benefits of G-D25DI.
The engine tests were performed on a single cylinder DISI engine
at various loads, a fixed engine speed of 1500 rpm and at k = 1.
Based on these experiments, the following conclusions can be
drawn:

1. When using gasoline only, PFI produces up to 1% higher indi-
cated thermal efficiencies below 7 bar IMEP compared to
homogenous GDI because of improved mixture preparation.
However, at higher loads, the greater knock resistance of GDI
(due to the charge-cooling effect) allows the indicated thermal
efficiency to reach 36%, 1.2% higher than PFI. In both instances,
the most proficient fuelling mode produces high in-cylinder
pressures and low combustion durations.
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2. The indicated thermal efficiency of D25 in dual-injection mode
(G-D25DI) exceeds that of its individual components (PFI and
DDI) up to 8 bar IMEP. At 6.5 bar IMEP, the indicated thermal
efficiency is 0.6% higher than both PFI and DDI, whose efficien-
cies cross over at this point. Between the two modes, G-D25DI
produces consistently higher indicated thermal efficiencies
than D25DI (up to 4%; 36.8% at 7.5 bar IMEP).

3. The effectiveness of G-D25DI is reiterated with the volumetric
ISFC. There are two clear advantages with dual-injection. First,
the ISFC is reduced, by up to 3.2% from D25DI and second, this
ISFC is up to 1.2% lower than GDI. The 8% lower LCV of DMF is
offset by the higher efficiency of this combustion mode. This
behavior is a result of improved mixing and lower piston and
wall wetting due to shorter DI injection durations.

4. As found when comparing gasoline in PFI and GDI, the higher
volumetric ISFC and indicated thermal efficiencies correlated
to higher maximum in-cylinder pressures (Pmax). At 8.5 bar
IMEP, Pmax for G-D25DI was 4.8 bar higher than D25DI and the
maximum rate of pressure rise (RPR) was 0.24 bar/CAD higher.
This was the result of higher burning rates (up to 13% lower
combustion durations). Also, despite similar ignition timings,
the CID with G-D25DI was comparable to PFI and up to 10%
lower than in D25DI.

5. The lower combustion durations of G-D25DI produced higher
combustion stabilities (lower COV of IMEP) than D25DI. The
lowest COV of IMEP was 1.5% at 6.5 bar IMEP, which was lower
than its individual components (PFI and DDI).

Ultimately, dual-injection is a very promising technique for opti-
mizing the combustion of low gasoline-DMF blends (D25). As well
as providing greater flexibility over external blends using DI only,
dual-injection is a more efficient method than homogenous DI,
especially at low blend ratios. Clearly, this would benefit economies
with a low biofuel supply as the fuel consumption using DMF in
dual-injection is, in some instances, more efficient than gasoline in DI.

Future publications intend to disclose the effectiveness of dual-
injection with higher gasoline-DMF blends. This will also include
the correlation with other oxygenated fuels and the effect of
dual-injection blends on gaseous emissions and particulate matter
compared to traditional DI.
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