
INTRODUCTION
Conventional diesel engines traditionally suffer from

significant emissions levels of both particulate matter (PM)
and nitrogen oxides (NOx) [1]. Overcoming these harmful
emissions often comprises these engines' relatively high
efficiency. The introduction of new technologies, e.g.
advanced exhaust gas after treatment [2] and high pressure
fuel injection equipment [3], not only added significant extra
costs to vehicles, but also introduced a fuel consumption
penalty because of higher exhaust gas back pressures,
regenerative cycles and an increase in parasitic losses in the
fuel system [4].

Partially Premixed Combustion [PPC] [5,6,7] has shown
to be able to reduce emissions to similar or even lower values
as the aforementioned technologies. However, this concept
has shown this emission reduction with a simultaneous
efficiency improvement. Conventional fuels, i.e. diesel [8] or
gasoline [9] imply a number of challenges for this concept,
but fuels in the gasoline boiling range, with relative low-
octane-number were shown to be very well suitable for this

concept [10]. The load range over which the concept can be
applied was shown to depend on the reactivity. At best this
applicable load ranges from idle to full load, without major
modifications to the engine setup. Several refinery streams
were used by Manente and coworkers [11].

However, such refinery streams are not expected to be
commercially available on the short term. For certain
applications, the used of currently commercially available
naphtha blend of relatively high volatility could provide a
practical solution. That is, if such a blend can give similar
emission advantages as the earlier mentioned refinery
streams, and has a suitable load range.

For the present investigation, two commercially available
naphtha blends have been selected, with different boiling
range, aromatic content and associated reactivity. The blends
were sourced from a local chemical supplier, i.e. Remat
Chemie, Helmond (The Netherlands). The blends have been
analyzed in a gas chromatograph-mass spectrometer to
determine their composition and were subsequently tested in
a single-cylinder engine for their emission and efficiency
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ABSTRACT
Partially Premixed Combustion has shown the potential of low emissions of nitrogen oxides (NOx) and soot with a

simultaneous improvement in fuel efficiency. Several research groups have shown that a load range from idle to full load is
possible, when using low-octane-number refinery streams, in the gasoline boiling range.

As such refinery streams are not expected to be commercially available on the short term, the use of naphtha blends
that are commercially available could provide a practical solution. The three blends used in this investigation have been
tested in a single-cylinder engine for their emission and efficiency performance.

Besides a presentation of the sensitivity to injection strategies, dilution levels and fuel pressure, emission performance
is compared to legislated emission levels. Conventional diesel combustion benchmarks are used for reference to show
possible improvements in indicated efficiency.

Analysis of the heat release patterns revealed an interesting and strong correlation between the premixed fraction and
the amount of soot produced. To be specific, each of the fuels showed a decrease in this fraction as either fuel pressure was
lowered or load was increased, showing a transition from more premixed to mainly mixing-controlled combustion, with
the corresponding soot emissions.

For one blend, over the whole load range EURO VI PM levels were approached or achieved, combined with a peak
gross indicated efficiency of 50% clearly indicating the potential of this concept.
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performance. A third blend of 50 vol-% RON95 gasoline and
50 vol-% of the first naphtha blend was also tested and
furthermore a comparison is made to a conventional diesel
fuel.

The present paper presents a summary of the performance
of these three naphtha blends with respect to emissions and
efficiency. Besides a presentation of the sensitivity to
injection strategies, dilution levels and fuel pressure,
emission performance is compared to upcoming legislated
emissions levels. The effect of the blends' chemical
composition is shown over a broad load range and
conventional diesel combustion benchmarks are used to show
possible improvements in indicated efficiency.

EXPERIMENT SETUP
Experimental Apparatus

For this investigation a six-cylinder DAF engine, referred
to as CYCLOPS, is used. For more information on the setup
the reader is referred to a detailed description [8], of which
this subsection is a short summary. Prior to this measurement
campaign, the engine has been overhauled with new pistons
and liners.

The CYCLOPS is a dedicated engine test rig, see Table 1,
based on a DAF XE 355 C engine. The pistons are of a low-
compression XE390c version, which together with the
thickest head gasket available (1.45 mm), yield a
compression ratio of 15.7. Cylinders 4 through 6 of this inline
6 cylinder HDDI engine operate under the stock DAF engine
control unit and together with a water-cooled, eddy-current
Schenck W450 dynamometer they are only used to control
the crankshaft rotational speed of the test cylinder, i.e.
cylinder 1. Apart from the mutual cam- and crankshaft and
the lubrication and coolant circuits, this test cylinder operates
autonomously from the propelling cylinders and uses stand-
alone air, EGR and fuel circuits for maximum flexibility.

Table 1. CYCLOPS test setup specifications

Fed by an air compressor, the intake air pressure of the
test cylinder can be boosted up to 5 bar. Non-firing cylinders
2 and 3 function as EGR pump cylinders (see Figure 1), the
purpose of which is to generate adequate EGR flow, even at 5
bar charge pressure and recirculation levels in excess of 70%.
The EGR flow is cooled both up- and downstream of the
pump cylinders. Several surge tanks, to dampen oscillations
and to ensure adequate mixing of fresh air and EGR flows,
and pressure relief valves, to guard for excessive pressure in
the circuit, have been included in the design.

Figure 1. Schematic of CYCLOPS experimental setup: a
modified DAF engine using separate fuel, air and EGR

systems for one dedicated test cylinder

Fuel is injected into cylinder 1 is by a prototype Delphi
common rail injector with a nozzle having 8 holes of 0.151
mm diameter with an umbrella angle of 153 degrees. All
steady state flows of fuel, air and EGR, are measured with
Micromotion Coriolis mass flow meters.

For measuring gaseous exhaust emissions, a Horiba Mexa
7100 DEGR emission measurement system is used. Exhaust
smoke level (in Filter Smoke Number or FSN units) is
measured using an AVL 415S smoke-meter. All quasi steady-
state engine data are recorded by means of an in house data
acquisition system (TUeDACS). A SMETEC Combi crank
angle resolved data acquisition system is used to record and
process crank angle resolved data. For more information on
the setup and the procedures and definitions used, the reader
is referred to earlier work by the authors [8].

Fuels Under Investigation
Manente [12] showed that fuels with an octane number

(ON) of around 70 are possibly best suitable for PPC as they
can be applied over the complete load range without major
modifications to the engine.

For certain applications the use of a currently
commercially available naphtha blend of relatively high-
volatility could provide a practical solution as it might be
produced by a refinery without additional investment. Two
such naphtha blends (NB1 and 2, respectively) have been
selected for this investigation. In principle, they are upstream
precursors of pump gasoline and consequently, cheaper in
production, which is confirmed by Kalghatgi and coworkers
[10].
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The fuels used are presented in Table 2. The main
difference between NB1 and NB2 is their average molar
mass, which is substantially higher for NB2 and implies a
higher boiling range. The third naphtha blend (NB3) consists
of 50 vol-% of NB1 and 50 vol-% of gasoline (RON95). The
pump gasoline has been used to decrease reactivity since the
naphtha blend 1 might still be slightly too reactive for PPC
purposes. A lubricity additive is used with these low viscosity
fuels to ensure sufficient lubricity for the components under
high fuel pressure.

Table 2. Overview of the fuels under investigation.

NB1, NB2, gasoline and EN590 diesel have been tested
according to ASTM D240 (higher heating value or HHV). To
obtain the lower heating value (LHV) the heat released by the
condensing water (2260 kJ/kg or 40.6 kJ/mole) has been
subtracted from the HHV. The properties of Naphtha blend 3
have been calculated from these results.

The exact chemical composition of the two naphtha
blends was not known and therefore these blends have been
tested in a combined gas chromatography-mass spectrometer
(GC-MS). type GCMS-QP5000 from Shimadzu. Di-ethyl
ether (DEE) is used as a solvent, because of its high volatility
and lower boiling point compared to the test substances.

According to the obtained GC spectra and full
compositions as presented in Figure 21 in the Appendix,
Naphtha blend 1 mainly consists of low octane components.
These components are in accordance with the boiling point
range. The supplier's claim of less than 0.5% aromatics can
be partially confirmed. In this study it is found that Naphtha
blend 1 contains less than 3.4% aromatics based on the fact
that no aromatics were found in 96.6% of the mass spectrum
that could be specified. The claim about octane and isomers
content is also confirmed by the experiments. Based on
96.6% of the blend, the average carbon length is found to be
(7.88 ± 0.06) with an H/C ratio of (2.11 ± 0.01)3.

Originally, Naphtha blend 2 has been selected as being
quite similar to Naphtha blend 1 but with additional aromatic
components (increase in ON). This is confirmed by the
measurements as shown in Figure 22. Based on only 71.8%
of the blend, the average carbon length is found to be (10.1 ±
0.6) with an H/C ratio of (2.02 ± 0.06)4.

Octane or Cetane numbers were not tested for the present
fuels. The Cetane number is estimated using a correlation of
hydrocarbon type and carbon number to cetane number (see
Figure 6 in ref [13]. However, as not all of the blend
components are known, values are not available for all
components, and the effects of blending multiple components
are not certain, an error interval is given for the estimated
cetane number. Especially at lower cetane numbers this
uncertainty (e.g. ± 5) can have significant impact.

According to this method, naphtha blend 1 (with mainly
n-paraffins and iso-paraffins with an average carbon number
of 8, as well as mono-cyclonaphtenes) should have a Cetane
number of 45 ± 5.

Naphtha blend 2, on the other hand, contains n-paraffins
and iso-paraffins with an average carbon number of 10, as
well as aromatics. Hence, the component reactivities are more
spread, but the average does not differ a lot with respect to
NB1. A CN of (50 ± 10) is found for NB2. The error interval
of the second naphtha blend is larger due to the relatively
large amount of unknown components. Nevertheless, the
main conclusion is that both blends have a CN similar to
diesel.

Finally, naphtha blend 3 consists of NB1 and pump
gasoline. The CN of RON95 has been estimated using the
well-known equation of Kalghatgi [14]. Hence, the cetane
number of NB3 is estimated to be 30 ± 10.

Conditions and Procedure
Based on the results of Manente [15], the engine speed is

set to 1250 rpm, which is typical for a heavy-duty vehicle
during highway cruising. An EGR flow of around 50 weight
percent is used, both to limit pressure rise rates, as found in
previous work [16], and to have nitrogen oxides emissions
below Euro VI levels [17,18].

The latter two references have stated that a combustion
temperature higher than 1500K is necessary to promote the
reactions from CO to CO2, and that on the other hand it is
important to be below 2000K to avoid thermal NOx
formation (Zeldovich' mechanism). Apart from an EGR
weight percentage of around 50%, this also implies the use of
a global lambda value of around 1.5. To achieve such an air
excess ratio, intake pressure is varied accordingly.

The recirculated exhaust gas is heavily cooled using cold
process water, to about 300K and the exhaust back-pressure
is regulated to 0.3 ± 0.2 bar higher than the intake pressure to
mimic the presence of a turbocharger of finite efficiency and
enable the use of external EGR in practice. Depending on
turbocharger efficiency, 0.3 bar excess exhaust pressure is
considered to be feasible with sufficient high turbine

1Lower heating value has been calculated assuming an average composition of C8H15. Boiling range is represented by the temperatures at which 10 (T10) and 90% (T90) of the fuel have
vaporized, respectively.
2Boiling range equal to that of RON95, only with a different distribution.
3Error intervals have been determined by estimating the unknown part of the blend, using both the shortest and longest saturated carbon chain found in the mixture.
4Similar error estimation as for Naphtha blend 1, although H/C ratio is very much depending on aromatic/paraffinic content.
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efficiency. The error interval given is caused by test bench
limitations.

Summarized, for all measurements the following
conditions are kept constant:

• Engine speed = (1250 ± 10) rpm

• λ = (1.5 ± 0.1)

• (50 ± 5) wt-% of EGR
Both single and advanced injection strategies will be

tested by varying the start of injection (SOI) until the desired
CA50 is reached within ± 1 °CA.

• Single injection - five SOIs aiming at CA50s of 2, 4, 6, 8,
and 10 °CA aTDC at 8 bar.

• Influence of advanced injection on heat release patterns.
Furthermore, the following sensitivity analyses have been

done:

• Air excess ratio of 1.5 versus 2.0.

• Effect of increased EGR with one fuel

• Fuel pressure variation at 8 bar IMEP
After these sensitivity analyses, the load range of each of

the fuels will be shown, for which five loads have been
selected. For each target load ± 0.5 bar, the fuel mass flow is
kept constant, and small variations in load (originating for
varying efficiencies) are allowed accordingly:

• Gross IMEPs of 8, 10, 12, 14 and 16 bar, corresponding to
32-64% of the engine's rated torque

Fuel pressure increases with load to keep injection
duration roughly constant in crank angle domain. A moderate
1000 bar of fuel pressure at 8 bar load is taken as starting
point and with every 2 bar of load increase, fuel pressure will
be increased by 200 bar.

All operating points should have acceptable combustion
stability (i.e. σIMEP < 5%) and preferably meet each of the
following emission levels:

• CO emissions below 2000 ppm

• UHC emissions below 1000 ppmC with a target below 400
ppmC

• NOx emissions below 200 ppm with a target below 50 ppm
to reach EURO VI

• FSN smoke number below 1 with a target below 0.2 to
reach EURO VI

As a consequence of the exotic operating conditions,
hardware and setup limitations should be kept in mind. These
limitations have been specified by Leermakers and co-
workers [8], but they have been slightly modified for this
research.
 
 

• Originally, this engine has been designed for peak firing
pressures of 225 bar. This limit has been lowered to 200 bar
due to the highly asymmetric load on the crank shaft.

• Pressure rise rates (PRR) should not exceed a certain limit
to prevent engine damage and excessive combustion noise.
The setup has proven to work with pressure rise rates of 30
bar/°CA. Nevertheless, this limit is lowered somewhat (15
bar/°CA) to remain on the safe side.

• Wall wetting could lead to liner damage by means of oil
dilution. As an indicator for this, the HC emissions have been
limited to 2000 ppmC.

Definitions
The calculated crank angle at which 10% of the fuel has

been burnt (CA10) is used as main indicator for the start of
combustion (SOC). With this relevant combustion properties
such as ignition delay, ignition dwell, combustion delay and
combustion duration are defined. The burn duration is
defined as the duration between CA10 and the crank angle at
which 90% of the fuel has been burnt (CA90). Moreover, the
duration between the end of the main injection (EOImain) and
start of combustion is also evaluated. This so-called ignition
dwell, if positive, is thought to be beneficial for reduced soot
production since injection has ended before combustion
starts. In summary the following definitions are used:

• Ignition delay (ID) is defined as CA10 - SOImain

• Burn duration (BD) is defined as CA90 - CA10

• Ignition dwell is defined as CA10 - EOImain

Premixed fraction
It has been postulated before that Partially Premixed

Combustion can vary in the amount of premixed combustion.
This grade of premixing is quantified by comparing the heat
released in the premixed combustion phase and the total heat
released. The premixed fraction is defined using the method
suggested by Solaka and coworkers [19] is followed, where a
Gaussian profile is fitted to the rising flank of the premixed
peak, between 50% of the maximum and the actual peak. The
Gaussian profile is defined as

(1)

with x0 the central position of the peak, and h and α
representing the height and width of the Gaussian profile,
respectively. From Figure 2 can be seen that the fit follows
the premixed heat release closely. The Gaussian profile is
merely a mathematical representation of the premixed
reaction phase. However, it shows a robust measure of the
premixed fraction for all operated cases.
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Figure 2. Rate of Heat Release and Gaussian profile as a
function of crank angle degree. Gaussian fit is used to

define the premixed fraction

Efficiencies
Combustion efficiency provides information about the

completeness of combustion and it is used to derive thermal
efficiency. In order to calculate the combustion efficiency all
specific emissions (i.e. ISCO, ISHC, ISPM and ISH2) should
be known. However, soot (ISPM) is often considered to be
negligible for combustion efficiency since the specific
emissions are low and they do not contain a lot of energy.
Equation (2) represents the way in which combustion
efficiency is calculated.

(2)
Gross indicated (ηind) and thermal efficiency (ηth) will be

calculated according to respectively equation (3) and (4).

(3)
Pind = Windn is based on the work done Wind in the

compression and expansion stroke and n engine speed in
rev/s, QLHV represents the lower heating value of the fuel and
ṁfuel is the fuel flow rate. Once gross indicated efficiency
(based on pressure trace) and combustion efficiency (based
on both pressure trace and emission level) are known, one
can calculate the thermal efficiency.

(4)

RESULTS AND DISCUSSION
Below, the relevant results for all fuels will be discussed

in five subsections to illustrate how viable the fuels are for
usage in Partially Premixed Combustion.

First, a comparison of single and advanced injection
strategies is made. After this, combustion phasing is varied.
The effect of a slight increase in EGR is shown, as well as the
results of varying fuel pressures. Finally, all fuels are
compared over the investigated load range.

1. Injection Strategy Variation
First, the possibility of running in PPC mode is

investigated. The question is whether it is possible to achieve
PPC-like conditions (sufficient ignition delay to separate
injection and combustion to a large extent) through the fuels'
specific physical and chemical properties?

Naphtha blend 1
For Naphtha blend 1, when using a single injection, the

ignition behavior is found to be quite similar to that of diesel
(see Figure 3). EGR helps to get a significant ignition delay,
although a complete separation between injection and
combustion is not obtained. However, the physical properties
(e.g. boiling range, volatility) do differ, which might lead to
distinctive effects. The heat release for the single injection is
typical diesel-like, with a distinct premixed peak followed by
some injection-controlled combustion.

Figure 3. Comparison of NB1 at 800 bar fuel pressure
with single and multiple injections with pilots at −60 and

−30 °CA aTDC. EOI of last injection and single are
almost identical and thus the vertical lines overlap.

Mixing prior to combustion can be promoted with two
pilot injections. However, a penalty in combustion efficiency
is expected as more fuel might end up in the crevices or in the
vicinity of the cylinder wall. The EGR helps to suppress
some of (early) low temperature reactions, but the heat
release for the triple injections shows that combustion still
starts before injection has ended. It proves to be difficult to
postpone auto-ignition of high-reactive components such as
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n-heptane, n-octane and n-nonane that are present in NB1,
see Table 6 in the appendix.

Some of the emission results have been summarized in
Table 3. Although a slight reduction in PM emissions is
achieved without a significant NOx penalty, combustion
efficiency suffers from the multiple injection strategy.
Therefore, indicated efficiency does not benefit from the use
of multiple injections.

Table 3. Overview of Naphtha blend 1 results for two
different strategies and 50% EGR

Naphtha blend 2
The even broader spread in Naphtha blend 2's component

reactivities (including e.g. n-decane and n-undecane) is
expected to result in earlier and more low temperature
reactions, which could affect both efficiency (improper
phasing) and emissions (soot production). Figure 4 clearly
visualizes such undesired early combustion, when a double
injection strategy at 1500 bar is used.

Figure 4. Three phase compared to single phase heat
release for double and single injection, respectively. NB2

@ 1500 bar fuel pressure and 50% of EGR. EOI are
almost identical for the single and last injection,

respectively.

Apparently, NB2 is not very suitable for early injections.
Although the early injections help to reduce pressure rise
rates, NOx- and PM emissions, again a significant reduction
of combustion efficiency is noted (Table 4). This results in an

indicated efficiency that drops by more than 1.5% with
respect to the single injection. This conclusion leads to the
decision to use single injections as the starting point for
comparing all fuels.

Table 4. Overview of engine parameters and results
during NB2 combustion characterization

Naphtha blend 3
This blend was originally created to decrease reactivity. It

should result in a larger separation between the injection
event and combustion which could enable early injection
PPC. Figure 5 shows that the increased resistance to auto-
ignition for NB3 results in a distinctly different heat release
pattern compared to NB1 and NB2, for both single and
double injection strategies.

Figure 5. Both single and double injection yield a similar
heat release for NB3. NB3 at 1500 fuel pressure and

50% EGR.

Even for the double injections, ignition is postponed until
TDC, by the reduced reactivity. For both single and double
injections, heat release is seen to occur only in a premixed
peak, without a distinct tail.
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