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                 Engine specifications 
Engine type Volvo D5 CFR 
Number of cylinders 1 1 
Bore [mm] 81 83 
Stroke [mm] 93.2 114 
Displacement Volume [cm2/cylinder] 480  
IVC [CAD BTDC] 174 146±2.5 
Compression ratio 16.5 Variable(4:1 to 18:1) 
Swirl ratio 2.2  
Number of intake valves 2 1 
Number of exhaust valves 2 1 

         Injector 
Type Solenoid Port injection 
Injection nozzle holes 7  
Injection nozzle diameter [mm] 0.14  
Included angle [degrees] 140  
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ABSTRACT
The impact of ignition quality and chemical properties on
engine performance and emissions during low load partially
premixed combustion (PPC) in a light-duty diesel engine
were investigated. Four fuels in the gasoline boiling range,
together with Swedish diesel (MK1), were operated at loads
between 2 and 8 bar IMEPg at 1500 rpm, with 50% heat
released located at 6 crank angle degrees (CAD) after top
dead center (TDC). A single injection strategy was used,
wherein the start of injection (SOI) and the injection duration
were adjusted to achieve desired loads with maintained
CA50, as the injection pressure was kept constant at 1000
bar. The objective of this work was to examine the low-load
limit for PPC at approximately 50% EGR and λ=1.5, since
these levels had been suggested as optimal in earlier studies.
The low-load limits with stable combustion were between 5
and 7 bar gross IMEP for the gasoline fuels, higher limit for
higher RON values. MK1 had the lowest low-load limit, 3 bar
gross IMEP. By increasing λ with the kept EGR ratio, with
extended boosting, all the fuels could be operated down to 2
bar IMEPg. The main difference in engine-out emissions
between the fuels was the filtered smoke number (FSN), as
the gasoline fuels produced much lower smoke than MK1.
Higher RON value gave higher levels of carbon monoxide
(CO) and unburned hydrocarbon (HC) for the gasoline fuels,
while MK1 had the lowest levels of these emissions.

INTRODUCTION
Direct injection compression ignition (DICI) diesel engines
for passenger cars have higher efficiency than spark ignition
(SI) engines. However, stringent emission legislation
demands continued reduction in engine-out emissions
especially for particulate matter (PM) and nitrogen oxide
(NOx), but the limits for HC and CO are also demanding.
Hence, the challenge is to reduce PM and NOx without
increased levels of CO and HC with new combustion
strategies. Many studies in recent years have tried to achieve
reduction in emissions by introducing and re-examining
different combustion concepts.

Two important pollutants from diesel engines are NOx and
PM. Soot forms at temperatures between 1600 and 2400 K
and at an equivalence ratio (Φ) larger than two, while soot
oxidization is most pronounced at low equivalence ratios and
high temperatures. The level of engine-out soot corresponds
to the net difference between formation and oxidation. NOx is
formed either from atmospheric nitrogen or nitrogen from the
fuel but with a different mechanism. The major part of NOx
formation during diesel combustion is formed by the thermal
mechanism. Its principle reactions have been explained by
Zeldovich and Lavoie. NOx forms above 2000 K at an
equivalence ratio lower than two. By introducing large
amounts of cooled exhaust gas recirculation (EGR) the
combustion temperature can be reduced below the threshold
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for soot and NOx formation. The EGR works as a heat
absorbing bulk gas, thereby slowing down the kinetic
reactions [1,2,3].

Over the last few decades, many concepts have been
introduced in order to reduce pollutants from CI engines. One
such concept is Homogenous Charge Compression Ignition
(HCCI), which was introduced by Onishi [4] in 1979. In
HCCI, the fuel and air are fully premixed as in a spark
ignition (SI) engine but utilizes compression ignition. HCCI
has low NOx and Soot emissions compared to traditional
diesel combustion [5]. However, controlling HCCI
combustion is very difficult since auto-ignition chemistry,
which determines HCCI combustion timing, depends on
pressure, temperature, and on other factors such as fuel
chemistry, O2 concentration [6,7,8,9]. High loads are
especially challenging due to high maximum pressure-rise
rates, which cause material stress and produce high acoustic
noise [10].

Another suggested combustion concept is called Nissan
Modulated Kinetics (MK) [11, 12]. This concept proposes
late injection, high swirl and high amount of cooled EGR to
reduce NOx and soot.

To overcome the limitation with HCCI and MK combustion
concepts, a new concept called Partially Premixed
Combustion (PPC) has been introduced [13]. PPC or
premixed compression ignition (PCI), imply that an engine
operates between fully homogeneous and diffusion control
combustion [14] but with a small difference: PPC uses more
EGR than PCI, around 50% compared to 30% [15]. In PPC it
is desirable to separate the end of injection from the start of
combustion [14]. The authors in [11,13,14,15,16,17]
described how the separation between end of injection and
start of combustion can be achieved, which is to use a large
amount of exhaust gas recirculation (EGR), early start of
injection, low compression ratio, and fuel with a high octane
number (ON).

In 2006, it was demonstrated that using gasoline fuel in a
compression ignition engines has potential to produce low
levels of engine-out emissions [18,19]. Since gasoline has a
higher resistance to auto-ignition compared to diesel fuel, it
gives more time for mixing, thus producing a higher fraction
of premixed combustion. However, one of the problems of
pre-mixed combustion is the high rate of heat release. This
leads to higher pressure rise rate and noise, especially if the
premixed combustion occurs before top dead center. To
overcome this problem a large amount of EGR is used to
avoid reaction during the compression stroke and slow down
chemistry reaction. This also reduces the combustion
temperature and formation of NOx and soot.

The authors in [17] suggested that the optimum EGR ratio

and  for PPC are about 50% and 1.5 respectively.
These settings were shown to give low emissions of soot and
NOx, together with high fuel efficiency. However, it was not
possible to achieve stable combustion at low loads for high
RON fuels during these conditions, as the experiments were
performed in a heavy-duty diesel engine. Thus, the question
remains: how does the operating range change when the same
conditions are used in a light-duty engine. The aim of this
work is to examine the low-load limit for PPC at the
suggested settings in [17], approximately 50% EGR and
λ=1.5, for four fuels in the gasoline boiling range together
with MK1 in a light duty diesel engine.

EXPERIMENTS
ENGINE SETUP
Experiments were performed using an in-line 5-cylinder
diesel engine (Volvo D5) operated on one cylinder. Details of
the engine are given in Table 1.

Table 1. Engine properties.

The engine test rig was equipped with an adjustable exhaust
gas recirculation system and adjustable heating of the inlet
temperature (see Figure 1).
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Figure 1. Experimental set-up.

EGRRATIO

The EGRratio is defined as a ratio between CO2 concentration
in the inlet air to the engine to the CO2 concentration in the
exhaust gases from the engine.

(1)

The exhaust gases were cooled in a heat exchanger, using the
engine's coolant water as a heat absorber, before it was mixed
with the inlet air. The mixture temperature was controlled by
heating the fresh charge before it was blended with the EGR,
and the temperature target was set to 335 K (see Figure1).

INJECTION SYSTEM
The injection system consisted of common rail, high-pressure
pipe, high- and low-pressure pumps and piezo injector.
However, during initial experiments it was discovered that
the piezo injector had low reliability when operated on
gasoline. Running with the piezo injector the combustion
died after 15 minutes using gasoline fuels, this could be
related to the viscosity difference between gasoline and diesel
fuel. To overcome this obstacle, the injection system was
modified from piezo to solenoid injector (see Table 1 for
injector specifications).

INTAKE AIR and FUEL MASS-FLOW
The intake air mass flow was measured by a thermal mass
flow meter (Bronckhorst INFLOW). It was situated
approximately 3 m upstream from the intake manifold in
order to prevent pressure oscillations to propagate from the
engine, or EGR system, into the flow meter. Fuel mass flow
was measured by a fuel balance (Sartorius CPA 62025) over
a time span of 120 seconds per measurement point.

EMISSIONS
Smoke emissions were measured with the AVL415S smoke
meter, while NOx, HC, exhaust CO2, CO and intake CO2
emissions were measured with a Horiba measurement system
(MEXA9200DF). NOx emissions were measured with a
chemiluminescence analyzer whereas HC was measured with
a hydrogen flame ionization detector (FID) and the piping to
the analyzer was heated to approximately 191°C to avoid
condensation of unburned fuel components. Oxygen (O2) was
measured by a magneto-pneumatic condenser microphone
method (MPA), whereas CO, intake CO2 and exhaust CO2
were measured with an infrared analyzer.

FUELS
Five fuels were included in the experiments: four fuels in the
gasoline boiling range, and as reference Swedish
environmental Class 1 diesel fuel (MK1) (see Table 2). In
order to ensure that no damage was caused to the injection
system, 500 ppm lubricity additive Infineum R655 was added
to each gasoline fuel. The impact, on combustion phasing and
emission formation, of the additive is expected to be
neglectable at such small fraction.

Table 2. Fuel properties and specifications.

METHODS and DEFINITIONS
The rate of heat release was calculated using the in-cylinder
pressure trace from 300 cycles. The method for the rate of
heat release calculation,

(2)
followed the description in Heywood [1]. The convective
heat transfer was estimated according to Woschni, and mass
losses or blow-by was accounted for assuming choked flow
over the piston ring gap [1]. To estimate γ a model described
by Egnell was used [20].

From the calculated rate of heat release, information about
the combustion events can be extracted. In the analysis, the
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combustion is divided into four phases: the ignition delay, the
low temperature reaction (LTR), the premixed combustion,
and the late mixing controlled combustion phase.

The ignition delay is identified by the endotherm phase due to
fuel heating and evaporation between start of injection (SOI),
and start of combustion. The start of injection is estimated
from the injector current signal. The start of combustion
(SOC) is defined as the point where the rate of heat release
turns positive after SOI, that is 0% heat release completion
(CA0) (see Figure 2).

Figure 2. Rate of heat release as a function of crank
angle degree at 2 bar gross IMEP. Figure shows ignition

delay period.

Low temperature reaction (LTR) is characterized by a small
peak before the main premixed heat release. The reason for
the lower rate of heat release between those peaks is that the
speed of the low temperature reactions decreases with
increasing temperature (see Figures 3).

Figure 3. Rate of heat release and gradient of rate of
heat release as a function of crank angle degree at 2 bar
gross IMEP. Figure shows the low temperature reaction

phase.

 

The low temperature reaction duration is defined as the part
between SOC and the end of LTR (see Figure 3). The end of
LTR is defined as the point where the gradient of rate of heat
release reaches 0.05 J/CAD2. This threshold was selected as
the lowest value that gave a robust definition.

The fraction of low temperature reaction is the ratio between
the accumulated heat release from the LTR and the total heat
release.

In the premixed combustion phase, the combustible fuel and
air mixture burns rapidly [1]. This phase is controlled by
chemical kinetics, and reaction speed depends mainly on
temperature. In the current study, the premixed- and late- heat
release rate are not distinctly separated. This is because parts
of the premixed combustion phase are limited by mixing, and
parts of the late combustion phase depends on slow reactions
rather than mixing. In order to separate the phases in a well
defined manner, a Gaussian

(3)

profile is fitted to the rising flank of the premixed peak,
between the end of LTR and the actual peak, and the
integrated area of the profile is used as a measure of the
premixed reactions. In Eq. 3 x0 is the central position of the
peak, h and α representing the height and width of the
Gaussian profile. Figure 4 shows the rate of heat release as a
function of crank angle together with the Gaussian profile. As
is evident, the fit follows the premixed heat release closely.
The Gaussian profile is a mathematical rather than a physical
representation of the premixed reaction phase. However, it
provides as a robust measure of the premixed reactions for all
the operated cases.

Figure 4. Rate of heat release and Gaussian profile as a
function of crank angle degree. Gaussian profile is a fit

for the premixed combustion fraction of heat release
rate.

Gratis copy for Hadeel Solaka
Copyright 2012 SAE International

E-mailing, copying and internet posting are prohibited
Downloaded  Wednesday, March 21, 2012 05:11:13 AM



EXPERIMENTS AND INLET
CONDITIONS
The obtainable load region for stable PPC was examined for
four fuels in the gasoline boiling range together with MK1 as
a reference fuel. The fuels were tested at loads between 2 and
8 bar IMEPg at 1500 rpm with 50% heat release completion
(CA50) at 6 crank angle degree after top dead center
(ATDC). A single injection strategy was used, wherein the
start of injection (SOI) and the injection duration were
adjusted to achieve desired loads with maintained CA50, as
the injection pressure was kept constant at 1000 bar. During
the experiments the desired λ value was 1.5 at an EGR ratio
of approximately 50%. Due to the characteristics of the EGR
valve, the target level was set to 53 ±1%. The inlet mixture
temperature was kept at 335 K.

As expected higher RON fuels had a higher low-load limit
since a high RON value is the same as high resistance to
auto-ignition. The low-load limit for higher RON fuels was 7
bar, for low RON fuels it was 5 bar, and for MK1 it was 3 bar
IMEPg. With both EGR ratio and λ constant, the inlet
pressure was a function of load, meaning that for a certain
load the boost level was given. However, in order to maintain
a stable combustion below the low-load limits, an extended
boosting, with a corresponding increase in λ, was used (see
Figures 5 and 6). Figure 5 shows the applied extended
boosting at lower loads. This strategy also gives information
about the relevance of the target λ =1.5, since different fuels
have different low-load limit the emission performance can
be compared between both the fuels and in relation to λ.
During the experiment the EGR ratio was kept constant at
53%, hence the air-fuel ratio was increased below the low-
load limit due to instable combustion or misfire. As RON
increased, a greater λ (adjusted with increasing boost) was
required to operate stable. Results are shown across a load
range, such that as load increased λ converged to 1.5 for all
fuels above low-load limits (see Figures 5 and 6).

Figure 5. Absolute inlet pressure as a function of load
for different fuel.

Figure 6. Lambda as a function of load for different fuel.

Figures 7 and 8 show the rate of heat release, in-cylinder
pressure, and command signal to the fuel injector as a
function of crank angle degree (CAD). In Figure 7, at 2 bar
IMEPg a large variation in the in-cylinder pressure traces
were evident due to the variation in the absolute inlet
pressure, as λ adjusted to gain stability. However, the rate of
heat release traces and the SOI signals were nearly identical
for all fuels. At 2 bar IMEPg the physical properties as
lambda adjusted, such as variation in O2 and CO2
concentrations, had more effects on the rate of heat release
than fuel compositions. At 7 bar IMEPg, shown in Figure 8,
the in-cylinder pressure traces were nearly identical for all the
fuels with same λ, however the rate of heat release traces and
SOI signals were significantly different due to fuel chemistry.

Figure 7. Rate of heat release traces, cylinder pressure
traces and injection signals as a function of crank angle

degree at 2 bar IMEPg. Operating conditions are
injection pressure 1000 bar, and CA50 at 6 CAD ATDC

at 1500 rpm.
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Figure 8. Rate of heat release traces, cylinder pressure
traces and injection signals as a function of crank angle

degree at 7 bar IMEPg. Operating conditions are
injection pressure 1000 bar, and CA50 at 6 CAD ATDC

at 1500 rpm.

Figures 9 and 10 are zoomed in version of Figures 7 and 8,
which show the LTR phase at 2 and 7 bar IMEPg
respectively. For 2 bar load (Figure 9), the low temperature
reaction phase is apparent for all fuels due to low combustion
temperature and long ignition delay. At 2 bar IMEPg as
lambda adjusted to gain stability, the variation in oxygen and
CO2 concentrations had a major effects on LTR phase than
fuel compositions. For 7 bar load with same lambda (Figure
10), the low temperature reaction region depended largely on
the fuel composition. The LTR for diesel fuel was not evident
due to short ignition delay and high combustion temperature
at higher loads.

Figure 9. The low temperature reaction phase. LTR is
the heat release following the endotherm caused by fuel
evaporation at 2 bar IMEPg. Operating conditions are

injection pressure 1000 bar, and CA50 at 6 CAD ATDC
at 1500 rpm.

Figure 10. The low temperature reaction phase. LTR is
the heat release following the endotherm caused by fuel
evaporation at 7 bar IMEPg. Operating conditions are

injection pressure 1000 bar, and CA50 at 6 CAD ATDC
at 1500 rpm.

RESULTS AND DISCUSSION

Combustion Duration
Figure 11 shows the combustion duration as a function of
load. Combustion duration is defined as the time between 10-
90% heat release completion, that is CA90-CA10. Diesel fuel
had longer combustion duration than the gasoline fuels. The
combustion duration increased with increased load for MK1
and for low RON fuels, while it was independent of load for
high RON fuels. This was due to premixed combustion, as
rapid premixed combustion gives shorter combustion
duration while slower diffusion controlled combustion gives
longer combustion duration. At loads above 5 bar IMEPg,
combustion duration correlates fairly well with RON, with
high RON fuels giving shorter combustion duration. At low
load no such relation was obvious.

Figure 11. Combustion duration as a function of load for
different fuels.
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Ignition Delay
Figure 12 shows the ignition delay (CAO-SOI) as a function
of load for different fuels. Above the low-load limits the
ignition delay prolonged with decreased load for all fuels, this
was due to the low temperature at SOI (see Figure 13). In this
interval, MK1 had the shortest ignition delay, while the
gasoline fuels showed increased ignition delay with increased
RON. Below the low-load limits, when λ increased the
ignition delay decreased again. Apparently, the increased
oxygen fraction had a stronger impact on the ignition than the
decrease in temperature. All fuels had their actual peak in
ignition delay at the identified low-load limit due to low
temperature at SOI (see Figure 12 and 13).

Figure 12. Ignition delay, from the start of combustion to
the start of injection, as a function of load.

Figure 13. Ignition delay, from the start of combustion to
the start of injection, as a function of in cylinder bulk

gas temperature at SOI.

Figure 14 shows the start of injection as a function of load.
The increment in the ignition delay with earlier or later
injection timing occurs because the air temperature and the
pressure change significantly close to the top dead center. If
the start of injection occurs earlier, the initial pressure and
temperature are lower, which leads to lengthening ignition
delay [1] (see Figures 12 and 14). The ignition delay was
prolonged with advancing the start of injection for gasoline

fuels. Above the low-load limits the start of injection was
advanced with decreased load, while below the low-load
limits the SOI was retarded with decreased load for gasoline
fuels to maintain CA50 at 6 CAD after TDC. The start of
injection was constant for MK1 between 6 and 8 bar IMEPg.

Figure 14. Start of injection as a function of load.

Duration of Low Temperature Reaction
Low temperature reaction phase, which is characterized by a
small peak, is usually seen before the main heat release peak.
LTR is exothermic, releasing the energy in the apparent heat
release trace (see Figures 9 and 10). Low temperature
reaction rate of heat release depends both on fuel composition
and gas temperature in the cylinder. Fuel chemical
composition: containing significant amount of n-paraffin,
such as n-heptane, mostly contribute towards a large LTR
heating value [21,22]. Tanaka described in [23] the oxidation
mechanism of hydrocarbon, where reactions are initiated by
abstraction of H from a fuel molecule by O2 to form alkyl and
HO2. High exothermic reaction occurs at low temperature
where alkyl radical reacts with oxygen to generate H2O and
alkyl-peroxide. The high temperature reaction starts to
produce H2O2 and olefins. This stage occurs between low
temperature heat release and high temperature heat release.
The temperature gradually increases until H2O2 decomposes
leading to a branched thermal explosion. For example, if the
temperature in the cylinder is very high at start of injection,
the early combustion takes place at a high temperature (and
there is no possibility of low temperature reaction to occur).
Figure 15 shows duration of low temperature reaction as a
function of load for different fuels. Since the high
temperature reaction started earlier at higher loads, LTR
duration decreased by increasing load for MK1. This is
because the start of injection was retarded close to the top
dead center and thus higher temperature. The duration of
LTR increased with decreased load above the low-load limits
for gasoline fuels (see Figure 15). However, the LTR
duration decreased with decreased load below the low-load
limits for all fuels. A correlation between LTR fraction and
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the RON was evident at constant λ 1.5 above the low-load
limits.

Figure 15. The duration of low temperature reaction as a
function of load.

Fraction of Low Temperature Reaction Rate of
Heat Release
Figure 16 shows the fraction of LTR as a function of load.
The LTR fraction increased with decreased load due to
temperature reduction. The LTR fraction for MK1 depends
largely on the load compared to the gasoline fuels. At low
loads MK1 has the highest fraction due to low temperature,
while at high loads the fraction of LTR for MK1 disappeared
due to high temperature. The fraction of LTR for MK1 drops
from 6-0% due to temperature increment. For the gasoline
fuels the fraction of LTR increased by decreasing the load
due to temperature reduction. Above the low-load limits, the
gasoline fuels showed higher fraction of LTR than MK1 was
likely due to fuel chemical properties.

Figure 16. Fraction of low temperature reaction as a
function of load.

Premixed Combustion Fraction
Figure 17 shows the calculated premixed combustion using
Gaussian profile fit (shown in Figure 3 and described with

Equation 4). The increment in premixed fraction for MK1
with decreased load was due to a prolonged ignition delay. At
low load below 4 bar IMEPg, MK1 had a higher portion of
the premixed combustion than the gasoline fuels, which was
due to prolonged ignition delay and fuel compositions. For
the gasoline fuels the fraction of premixed combustion
increased from 8 bar IMEPg to the low-load limit at constant
lambda 1.5 due to prolonged ignition delay. The fraction of
premixed combustion decreased with decreased load below
the low-load limit for gasoline fuels, this was due to a
shortened ignition delay (see Figure 18), a high boosting level
(high lambda values) and a high temperature.

Figure 17. The fraction of the premixed combustion as a
function of load.

Figure 18. The fraction of the premixed combustion as a
function of ignition delay.

EMISSIONS
Smoke
The smoke emissions as a function of the load are shown in
Figure 19. Between 2 and 4 bar IMEPg, all fuels had smoke
levels below the detection limit 0.01 FSN. The 69.4 RON
gasoline fuel had detectable smoke at 8 bar IMEPg, while
MK1 produced significant smoke levels between 5 and 8 bar
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IMEPg. The rate of soot oxidation depends mostly on
turbulence, temperature and available oxygen. Above the
low-load limits, all fuels operated at the same oxygen fraction
and since the ambient density temperature and injection
pressure are similar; the conditions for soot oxidation are
likely the same for all fuels. The difference in smoke is
thereby likely to be connected to the soot formation.
Apparently the gasoline fuels had a weak tendency for soot
formation than diesel. The soot formation is mainly affected
of the fuel characteristics, the mixing between fuel and air,
and the combustion temperature. Since similar combustion
phasing, boosting and inlet temperature are used at the
highest load for all fuels, the soot formation can be expected
to depend on fuel characteristics and mixture formation. The
difference in ignition delay is, however, small between the
low RON fuels and MK1 at the highest loads. It is thereby
indicated that the fuel composition had a far stronger
influence on the smoke level than any characteristics of the
combustion process. [3,8,16,24,25,26]

Figure 19. Smoke as a function of load.

NOx

Figure 20 shows the emission index of NOx, gram NOx per
kilogram fuel as a function of load. The NOx formation is
strongest at high combustion temperatures and at high oxygen
fractions. Also for a given diesel engine, there are three major
factors that influence NOx formation including air-fuel ratio,
EGR and combustion phasing. During the experiment both
EGR and combustion phasing kept constant at 53% and
CA50 at 6 degrees ATDC respectively. Also the NOx level
depended both on fuel properties and λ. For the gasoline
fuels, the NOx level was close to 0.2 g/kg fuel down to the
low-load limits. At lower loads, below the low-load limit, the
NOx level increased rapidly as the load decreased mostly due
to increased λ (high O2 fraction) and thus higher local
temperature. At the lowest load the level was between 1.2 and
2 g/kg fuel. A correlation between the RON (and also λ) and
the NOx emission index can be seen except for the fuel with
the RON 78, since the RON 78 had the shortest combustion

duration at low load between 2 to 5 bar IMEPg. The
combustion temperature increases with shorter combustion
duration, which thereby also affects the NOx formation. For
MK1 the NOx level was less dependent on the load and
varied between 0.2 and 0.5 g/kg fuel.

Figure 20. Emission index NOx as a function of load.

HC and CO
The emission index and PPM level for unburned hydrocarbon
(HC) as a function of load are shown in Figures 21 and 22
respectively. HC increased with decreased load due to low
temperature during the expansion at low loads. At lean
mixtures most of HC is oxidized or converted to CO above
1200 K [27]. The HC level was highest for the high RON
fuels and lowest for diesel. This is likely to be connected
either to the advanced injection timing for the high RON fuel
(an earlier SOI places more fuel in the squish volume) which
is less likely to be fully oxidized, or due to longer ignition
delay which creates more over-lean (fuel-air) mixture and
thus more incomplete combustion. A correlation between the
RON and the HC emission index was apparent (see Figure
21). HC emission index could not be measured at low load
for all the fuels due to measurement saturation at 1400 ppm
(see Figure 22). The high RON fuels saturated faster than the
low RON fuels and MK1 probably due to low temperature
combustion and incomplete combustion.

Figure 21. The HC emission index as a function of load.
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Figure 22. HC emission in ppm as a function of load.

The carbon monoxide (CO) emission index as a function of
load is shown in Figure 23. The CO increased with decreased
load due to the low temperature during the expansion at low
loads. At lean mixtures and combustion temperature between
800 K and 1400 K, a high fraction of CO can be expected.
The CO was lower for MK1 than the gasoline fuels due to
more complete oxidation. A correlation between the RON
and the CO emission index was evident (see Figure 23).

Figure 23. Emission index CO as a function of load.

Indicated Efficiency
Figure 24 shows the gross indicated efficiency as a function
of load for different fuels. The gross indicated efficiency
(ηIndicated) is calculated from the fuel energy in the cylinder
and IMEP gross. The gross indicated efficiencies decreased
with decreased load for all fuels. MK1 showed slightly higher
efficiency than gasoline fuels; however the efficiencies at the
highest load were about 46-49%. Above 5 bar IMEPg, MK1
had higher gross indicated efficiency comparing to gasoline
fuels due to more complete combustion (high combustion
efficiency).

Figure 24. Indicated efficiency as a function of load.

SUMMARY/CONCLUSIONS
The low-load limit for stable PPC operation using ≈50%
EGR at λ=1.5 was determined for four gasoline fuels and
Swedish diesel fuel (MK1) in a HSDI diesel engine. The
engine was operated at loads between 2 and 8 bar IMEPg at
1500 rpm with 50% heat release completion (CA50) at 6
CAD after the top dead center. A single injection strategy
was used, wherein the start of injection (SOI) and the
injection duration was adjusted to achieve the desired loads
with the maintained combustion phasing, as the injection
pressure was kept constant at 1000 bar. The inlet was fed
with an exhaust gas recirculation (EGR) ratio of 53 ±1%, and
the inlet mixture temperature was kept at 335 K.

• The low-load limit with the stable combustion at λ=1.5 was
between 5 and 7 bar IMEPg for the gasoline fuels, and a
higher limit for the higher RON values. MK1 had the lowest
low-load limit at 3 bar IMEPg.

• By increasing λ with kept EGR ratio, with extended
boosting, all fuels could be operated down to 2 bar IMEPg.
The higher oxygen fraction in combination with the higher
pressure at the top dead center favored the combustion
stability.

• The portion of premixed combustion was not distinctly
different between the MK1 and the gasoline fuels, however
MK1 showed the longest combustion duration independently
on load. This was an indication of a slower reaction rate
during the premixed combustion for MK1.

• The duration of the low temperature reaction depended on
the ignition delay, where a prolonged ignition delay gave an
increased duration of LTR.

• The portion of the low temperature reaction decreased with
increased load from about 5% at 2 bar IMEPg to about 3% at
8 bar IMEPg. MK1 had a similar fraction as the gasoline fuels
at low loads, but above 5 bar IMEPg the LTR was not
apparent.
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• Smoke was higher for the MK1 than for the gasoline fuels.
The engine out smoke is the net result of formation and
oxidation. The rate of soot oxidation depends mostly on
turbulence, temperature and available oxygen. Above the
low-load limits all fuels were operated at the same oxygen
fraction and since the ambient density temperature and
injection pressure are similar; the conditions for soot
oxidation are likely the same for all fuels. The difference in
smoke is thereby likely to be connected to the soot formation.
The soot formation is mainly affected of the fuel
characteristics, the mixing between fuel and oxygen, and the
combustion temperature. At the highest loads similar
combustion phasing, and TDC conditions are used for all
fuels. The ignition delay was also similar for MK1 and the
low RON fuels. The soot formation can thereby be expected
to depend mostly on fuel characteristics.

• CO and HC decreased with increased load for all fuels due
to increased temperature during the expansion, which favors
a sufficient late oxidation. The levels of HC and CO were
lower for the MK1 compared to the gasoline fuels. HC and
CO were correlated to RON.

• Some conclusions can be drawn when comparing the
different fuels potential to produce clean PPC. Above the
low-load limits the gasoline fuels had better emission
performance than MK1 even if the level of HC and CO was
slightly higher. Below the low-load limit the emission
performance was significantly worse for the gasoline fuels
and MK1 had the lowest emission levels. This verifies that
the target level of λ=1.5 is relevant.
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DEFINITIONS/ABBREVIATIONS
ATDC

After top dead center

CAD
Crank angle degree

CA50
Crank angle at 50% completion of heat release

CN
Cetane number

CO
Carbon monoxide

CO2
Carbon dioxide

EGR
Exhaust gas recirculation

IMEPg
Indicated mean effective pressure gross

LTR
Low temperature reaction

MON
Motor octane number

NOx
Nitrogen oxides e.i. NO, NO2

ON
Octane number

PM
Particulate matter

RON
Research octane number
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SOC
Start of combustion

SOI
Start of injection

TDC
Top dead center

UHC
Unburned hydrocarbons
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ABSTRACT 
  The impact of fuel composition on the emission 
performance and combustion characteristics for partially 
premixed combustion (PPC) were examined for four fuels in 
the gasoline boiling range together with Swedish diesel MK1. 
Experiments were carried out at 8 bar IMEPg and 1500 rpm 
with 53±1% EGR and  = 1.5. This relation gave inlet mole 
fractions of approximately 5% CO2 and 13% O2. The 
combustion phasing was adjusted by means of start of 
injection (SOI), for all fuels, over the range with stable 
combustion and acceptable pressure rise rate combined with 
maintained , EGR ratio, inlet pressure, and load. The 
operating range was limited by combustion instability for the 
high RON fuels, while MK1 and the low RON fuels could be 
operated over the whole MBT plateau. The largest difference 
in engine-out emissions between the fuels was the filtered 
smoke number (FSN), as the gasoline fuels produced a much 
lower FSN value than MK1. Higher RON value gave higher 
levels of carbon monoxide (CO) and unburned hydrocarbon 
(HC) for the gasoline fuels, while MK1 had the lowest levels 
of these emissions.  

 
INTRODUCTION 

Direct injection compression ignition (DICI) diesel 
engines for passenger cars have higher efficiency than spark 
ignition engines (SI). However, stringent emission legislation 
demands continued reduction in engine-out emissions 
especially for particulate matter (PM) and nitrogen oxide 
(NOx), but the limits for HC and CO are also demanding. 
Hence, the challenge is to reduce PM and NOx without 
increased levels of CO and HC with new combustion 
strategies. Many studies in recent years have tried to achieve 
reduction in emissions by introducing and re-examining 
different combustion concepts.   

Two important pollutants from diesel engines are NOx 
and PM. To a significant degree, PM consists of combustion 

generated soot. Soot forms at temperatures between 1600 and 
2400 K and at an equivalence ratio ( ) larger than two, while 
soot oxidization is most pronounced at low equivalence ratios 
and high temperatures. The level of engine-out soot 
corresponds to the net difference between formation and 
oxidization. NOx is formed either from atmospheric nitrogen 
or nitrogen from the fuel but with a different mechanism. The 
major part of NOx formation during diesel combustion is 
formed by the thermal mechanism. Its principle reactions have 
been explained by Zeldovich and Lavoie. NOx forms above 
2000 K at an equivalence ratio lower than two. By introducing 
large amounts of cooled exhaust gas recirculation (EGR) the 
combustion temperature can be reduced below the threshold 
for soot and NOx formation. The EGR works as a heat 
absorbing bulk gas, thereby slowing down the kinetic 
reactions [1,2,3].   

Over the last few decades, many concepts have been 
introduced in order to reduce pollutants from CI engines. One 
such concept is Homogenous Charge Compression Ignition 
(HCCI), which was introduced by Onishi [4] in 1979. In 
HCCI, the fuel and air are fully premixed as in a spark ignition 
(SI) engine but utilizes compression ignition. HCCI has low 
NOx and soot emissions compared to traditional diesel 
combustion [5]. However, controlling HCCI combustion is 
very difficult since auto-ignition chemistry, which determines 
HCCI combustion timing, depends on pressure, temperature, 
and on other factors such as fuel chemistry and O2 
concentration [6-9]. High loads are especially challenging due 
to high maximum pressure-rise rates, which cause material 
stress and produce high acoustic noise [10]. 

Another suggested combustion concept is called Nissan 
Modulated Kinetics (MK) [7,8]. This concept proposed late 
injection, high swirl, and high amount of cooled EGR to 
reduce NOx and Soot.  

To overcome the limitation with HCCI and MK 
combustion concepts, a new concept called Partially Premixed 
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Combustion (PPC) has been introduced [13]. PPC or premixed 
compression ignition (PCI), imply that an engine operates 
between fully homogeneous and diffusion control combustion 
[14] but with a small difference: PPC uses more EGR than 
PCI, around 50% compared to 30% [15]. In PPC it is desirable 
to separate the end of injection from the start of combustion 
[14]. The authors in [11,13-17] described how the separation 
between end of injection and start of combustion can be 
achieved, which is to use a large amount of exhaust gas 
recirculation (EGR), early start of injection, low compression 
ratio, and fuel with a high octane number. 

In 2006, it was demonstrated that using gasoline fuel in a 
compression ignition engines has potential to produce low 
levels of engine-out emissions [18,19]. Since gasoline has a 
higher resistance to auto-ignition compared to diesel fuel, it 
gives more time for mixing, thus producing a higher fraction 
of premixed combustion. However, one of the problems of 
pre-mixed combustion is the high rate of heat release. This 
leads to a higher pressure rise rate and noise, especially if the 
premixed combustion occurs before top dead center (TDC). 
To overcome this problem a large amount of EGR is used to 
avoid reaction during the compression stroke and to slow 
down chemical reactions. This also reduces the combustion 
temperature and formation of NOx and soot. 

The authors in [17] suggested that the optimum EGR ratio 

and  for PPC are about 50% and 1.5 respectively. 

These settings were shown to give low emissions of soot and 
NOx, together with high fuel efficiency. However, it was not 
possible to achieve stable combustion at low loads for high 
RON fuels during these conditions, as the experiments were 
performed in a heavy-duty diesel engine. In [20] the low load 
limits for four fuels in the gasoline boiling range together with 
MK1 with the settings suggested in [17] were investigated in a 
light duty diesel engine, by the authors of this paper. It was 
concluded that the low-load limit with the stable combustion 
at =1.5 and 50% EGR was between 5 and 7 bar IMEPg for 
the gasoline fuels, higher limit for the higher RON values. 
Diesel had the lowest low-load limit, 3 bar IMEPg. In this 
investigation the heat release and emission performance using 
the same fuels are investigated just above the highest low-load 
limit, at 8 bar IMEPg with respect to combustion phasing. 

EXPERIMENTS 
ENGINE SETUP—Experiments were performed using an 

in-line 5-cylinder diesel engine (Volvo D5) operated on one 
cylinder. Details of the engine are given in Table 1. 

 

 

 

 

Table 1. Engine properties. 
Compression ratio, rc [-] 16.5 

Displacement volume [cm2/cylinder] 480 

Bore [mm] 81 

Stroke [mm] 93.2 

IVC [CAD BTDC] 174 

Injection nozzle holes  7  

Injection holes diameter [mm] 0.14 

Included angle [degrees] 140 

Injector type Solenoid 

Swirl number [-] 2.2 
 

The engine test rig was equipped with an adjustable 
exhaust gas recirculation system and adjustable heating of the 
inlet air temperature (see Figure 1). 

 

Figure 1.  Experimental setup. 

EGRratio—The EGRratio is defined as a ratio between the 
concentration of CO2 in the inlet air to the engine to the 
concentration of CO2 in the exhaust gases from the engine.  

  

 

     

The exhaust gases were cooled in a heat exchanger, using 
the engine’s coolant water as a heat absorber, before it was 
mixed with the inlet air. The mixture temperature was 
controlled by heating the fresh charge before it was blended 
with the EGR, and the temperature target was set to 335 K 
(see Figure 1).  

INJECTION SYSTEM—The injection system consisted 
of a common rail, a high-pressure pipe, high- and low-pressure 
pumps and piezo injector. However, during the initial 
experiments it was discovered that the piezo injector had low  
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Table 2. Fuel properties and specifications.  
Fuel RON MON CN C H/C O/C LHV[MJ/kg] A/Fs N-paraffin Iso-paraffin Olefins 

A 69.4 66.1 - 7.11 1.98 0 43.80 14.7 6.89x 1.08y 2.94z 

B 78.2 73.4 - 7.16 1.97 0 43.70 14.7 5.71x 1.13y z 

C 87.1 80.5 - 7.20 1.92 0 43.50 14.6 2.77x 1.46y 4z 

D 88.6 79.5 - 7.21 1.88 0 43.50 14.5 x y 16.4z 

MK1 n.a - 54 16 1.87 0 43.15 14.4 38.2% - 1% 

 
reliability when operated on gasoline. Running with the piezo 
injector the combustion died after 15 minutes using gasoline 
fuels, this could be related to the viscosity difference between 
the gasoline and diesel fuel. To overcome this obstacle, the 
injection system was modified from piezo to solenoid injector 
(see Table 1 for injector specifications).  

INTAKE AIR and FUEL MASS-FLOW—The intake air 
mass flow was measured by a thermal mass flow meter 
(Bronckhorst IN-FLOW). It was situated approximately 3 m 
upstream from the intake manifold in order to prevent pressure 
oscillations to propagate from the engine, or EGR system, into 
the flow meter. Fuel mass flow was measured by a fuel 
balance (Sartorius cp8201) over a time span of 120 seconds 
per measurement point. 

EMISSIONS—Smoke were measured with the AVL415S 
smoke meter, while NOx, HC, CO, intake CO2 and exhaust 
CO2 emissions were measured with a Horiba measurement 
system (MEXA9200DF). NOx emissions were measured with 
a chemiluminescence analyzer whereas HC was measured 
with a hydrogen flame ionization detector (FID) and the 
piping to the analyzer was heated to approximately 191oC to 
avoid condensation of unburned fuel components.  Oxygen 
(O2) was measured by a magneto-pneumatic condenser 
microphone method (MPA), whereas CO, intake CO2 and 
exhaust CO2 were measured with an infrared analyzer.  

FUELS—Five fuels were included in the experiments: 
four fuels in the gasoline boiling range, and as a reference 
Swedish environmental Class 1 diesel fuel (MK1) (see Table 
2). In Table 2 the x, y and z are normalized value of the fuel 
components. In order to ensure that no damage was caused to 
the injection system, 500 ppm lubricity additive Infineum 
R655 was added to each gasoline fuel. The impact of the 
additive on combustion phasing and emission formation is 
expected to be neglectable at such small fraction. 

The variations in n-paraffin, iso-paraffin and olefin 
content on emissions performance were investigated in this 
study. Olefins are also known as alkenes, which are 
unsaturated hydrocarbons and have influence on anti-knock 
but as well on emission performance. They serve as a 

component into blend in fuel to increase the octane number 
(ON). Earlier investigations have shown that olefins may 
decrease the combustion duration and thereby increase the 
combustion temperature [21].   

Paraffins are also known as alkanes, which are saturated 
hydrocarbons. N-paraffins are a proper component to blend in 
fuel to decrease the octane number. N-paraffin has a straight 
chain, while iso-paraffin has a shorter branched chain.  

 METHODS and DEFINITIONS—The rate of heat release 
was calculated using the in-cylinder pressure trace from 300 
cycles. The method for the rate of heat release calculation, 

 

followed the description in Heywood [1]. The convective heat 
transfer was estimated according to Woschni, and mass losses 
or blow-by was accounted by assuming choked flow over the 
piston ring gap [1]. To estimate  a model described by Egnell 
was used [22].  

From the calculated rate of heat release, information about 
the combustion events can be extracted. In the analysis, the 
combustion is divided into four phases: the ignition delay, the 
low temperature reactions (LTR), the premixed combustion, 
and the late mixing controlled combustion phase (see Figure 
2). 
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Figure 2. The rate of heat release as a function of crank 
angle degree. Figure shows combustion phases. 

The ignition delay (ID) is identified by the endotherm 
phase due to fuel heating and vaporization between start of 
injection (SOI) and start of combustion (SOC) (see Figure 2).  

The start of injection (SOI) is determined from the 
gradient of the injection pressure. The SOI is the point where 
the gradient reaches the maximum value before its minimum 
value due to needle lift (see Figure 3). The start of combustion 
(SOC) is defined as the point where the rate of heat release 
turns positive after (SOI), that is 0% heat release completion 
(CA0) (see Figure 2).   

 

Figure 3. The gradient of injection pressure as a function of 
crank angle degree. Figure shows SOI. 

The Mixing Period (MP) is identified as the period 
between end of injection and start of combustion (see Figure 
2). The MP can be used to determine the fuel air mixing prior 
combustion. A positive mixing period gives a strong 
indication that the combustion event will be highly premixed.  

Low temperature reaction (LTR) is characterized by a 
small peak before the main premixed heat release (see Figure 

2). The reason for the lower rate of heat release between those 
peaks is that the speed of the low temperature reactions 
decreases with increasing temperature  

The low temperature reaction duration is defined as the 
part between SOC and the end of LTR (see Figure 2). The end 
of LTR is defined as the point where the gradient of rate of 
heat release reaches 0.05 J/CAD2. This threshold was selected 
as the lowest value that gave a robust definition. 

The fraction of low temperature reaction is the ratio 
between the accumulated heat release from the LTR and the 
total heat release.  

In the premixed combustion phase, the combustible fuel 
and air mixture burns rapidly [1]. This phase is controlled by 
chemical kinetics, and reaction speed depends mainly on 
temperature. In the current study, the premixed- and late heat 
release rate are not distinctly separated. This is because parts 
of the premixed combustion phase are limited by mixing, and 
parts of the late combustion phase depends on slow reactions 
rather than mixing. In order to separate the phases in a well 
defined manner, a Gaussian 
 

 
   
profile is fitted to the rising flank of the premixed peak, 
between end of low temperature reactions and the actual peak, 
and the integrated area of the profile is used as a measure of 
the premixed reactions. In Eq. 3 x0 is the central position of 
the peak, h and  representing the height and width of the 
Gaussian profile. Figure 4 shows the rate of heat release as a 
function of crank angle together with the Gaussian profile.  

 

Figure 4. The rates of heat release and Gaussian profiles as 
a function of crank angle degree. The Gaussian profile is a 
fit for the premixed combustion portion of the heat release 
rate. 

As is evident, the fit follows the premixed heat release 
closely. The Gaussian profile is a mathematical rather than a 
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physical representation of the premixed reaction phase. 
However, it is provided as a robust measure of the premixed 
reactions for all the operated cases.   

EXPERIMENTS AND INLET CONDITIONS  
Fuel aspect on PPC was examined for four fuels in the 

gasoline boiling range together with Swedish MK1 as a 
reference fuel.  The experiments were performed at 8 bar 
IMEPg and 1500 rpm. A single injection strategy was used 
where the start of injection (SOI) and the injection duration 
were adjusted to achieve the desired load and CA50. The 
injection pressure was kept constant at 1000 bar. During the 
experiments the desired  value was 1.5 at an EGR ratio of 
53±1%. This relation gave an inlet mole fraction of 
approximately 5% CO2 and 13% O2. The inlet mixture 
temperature and pressure were kept at 335 K and 2.5 bar 
respectively. The exhaust pressure was controlled with a back-
pressure valve to maintain 0.2 bar above the inlet air pressure, 
that is 2.7 bar.   
 

The combustion phasing was adjusted by means of start of 
injection (SOI), for all fuels, over the range with stable 
combustion and acceptable pressure rise rate combined with  
maintained , EGR ratio, inlet pressure, and load (see Figure 
5). For MK1 and the low RON fuels the range was limited by 
a decrease in  due to an increased fueling when the phasing 
was outside the maximum brake torque (MBT) plateau. For 
the high RON fuels the range was limited by combustion 
instability: a too early injection timing places more fuel in the 
squish volume which has less chance to burn, while too late 
injection does not give enough time for a sufficient mixing 
before the temperature drop during the expansion. As expected 
higher RON fuels had a more advanced SOI since a high RON 
value is the same as high resistance to auto-ignition. MK1 
showed the largest span in achievable combustion phasing 
range. The high RON fuels CA50 are insensitive to injection 
timing because with an early injection the fuel and air become 
over-mixed and essentially homogeneous.  
 

 

Figure 5. Combustion phasing as a function of start of 
injection. 

During the experiment the maximum accepted pressure 
rise rate was 14 bar/CAD and maximum accepted coefficient 
of variance (COV) of IMEPg was 2%. Generally MK1 had a 
much lower pressure rise rate and a lower COV of IMEPg. 
Figure 6 shows that MK1 has a different rate of heat release 
compared to the gasoline fuels.   

 

Figure 6. Rate of heat release as a function of crank angle 
degree CA50 maintained at 8 CAD after TDC. 

RESULTS AND DISCUSSION 
Ignition Delay 

Figure 7 shows the ignition delay (CA0-SOI) as a 
function of combustion phasing. MK1 had the shortest ignition 
delay while the gasoline fuels showed an increased ignition 
delay with increasing RON. The ignition delay was 
independent of combustion phasing for MK1 and low RON 
fuels, while it decreased for cases with late CA50 for high 
RON fuels. The ignition delay seems to be related to the n-
paraffin concentration (see Table 2). A high concentration of 
n-paraffin for MK1 gives a shorter ignition delay and low 
concentration for high RON fuels gives a prolonged ignition 
delay.  

 

Figure 7. Ignition delay as a function of combustion 
phasing.  
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Figure 8 shows the average in-cylinder temperature at 
SOI as a function of start of injection. The increment in the 
ignition delay with earlier injection timing for the high RON 
fuels (see Figure 7) occurs because the air temperature and 
pressure change significantly close to the top dead center. If 
the start of injection occurs earlier, the initial pressure and 
temperature are lower which gives a longer ignition delay [1]. 
The temperatures at start of injection for MK1 and low RON 
fuels do not change much with the injection timing since these 
fuels are injected close to TDC, where there is small change in 
in-cylinder volume. However, for the high RON fuels the 
temperature at SOI was 40 K higher for the latest injection 
timing compared to the earliest. This explains the observed 
trend in Figure 8 with shorter ignition delay for later injection 
timing for the high RON fuels.  

 

Figure 8. Temperature at SOI as a function of the crank 
angle of SOI. 

Duration and fraction of low temperature reaction 

The low temperature reaction phase is characterized by a 
small peak before the main heat release peak. The auto-
ignition of hydrocarbon-air mixtures has been investigated 
experimentally and theoretically.  

 

 

 

 

 

 

 

 

 

 These investigations show that heavy hydrocarbons ignite 
in a two-stage process involving a low temperature phase 
followed by a high temperature phase. This continues until the 
temperature rises to a level where olefins and HO2 are 
generated, which is important to terminate the first-stage of 
the combustion. At this point, the second-stage begins and the 
rate of temperature rise drops rapidly. Tanaka described in 
[23] the oxidation mechanism of hydrocarbons, where the 
reaction started with the abstraction of H from a fuel molecule 
by O2 to form an alkyl and HO2. The highly exothermic 
reaction occurs at low temperatures producing H2O and alkyl-
peroxide. Later, the temperature continues to rise slowly until 
the reaction produces OH radicals, which is important to 
terminate the second-stage and start a branched thermal 
explosion.  

The LTR- and high temperature reaction (HTR) rate of 
heat release depend both on fuel composition, fuel structure 
and gas temperature in the cylinder. A significant fraction of 
n-paraffins, such as n-heptane, mostly contribute towards high 
fraction of LTR [24,25]. For example, if the in-cylinder 
temperature is very high at start of injection, the main 
combustion takes place at a high temperature (and there is no 
possibility of low temperature reaction to occur). Figure 9 
shows duration of LTR as a function of combustion phasing. 
The duration of the LTR phase is insensitive to combustion 
phasing for all fuels. However, LTR phase for MK1 and the 
lowest RON fuel was not present due to high temperature at 
CA0. This is because the high temperature reactions started 
earlier with late injection timing. The high RON fuels showed 
to have the longest duration of LTR due to low temperature 
and pressure at CA0 (see Figure 9). It seems that n-paraffin 
concentration has an effect on the duration of the LTR phase. 
High concentration gives late injection timing and therefore a 
higher temperature. This is the reason why the LTR phase was 
not present for MK1 and the lowest RON fuel. 
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Figure 9. The duration of low temperature reaction as a function of combustion phasing (left) and average in-cylinder 
temperature at CA0 as a function of in-cylinder pressure at CA0 (right). 
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Figure 10 shows the fraction of LTR as a function of 
combustion phasing. As mentioned before, MK1 and the 
lowest RON fuel do not have a LTR phase. The fractions of 
LTR phase for the other gasoline fuels are between 
2 and 3.5%. The 78.2 RON fuel had a high fraction of LTR 
phase due to the low temperature at CA0 (see Figure 10). 
However, RON 78.2 had a shorter duration compared to high 
RON fuels due to the high in-cylinder pressure at CA0 (see 
Figure 9 right). The 78.2 RON fuel is more sensitive to in-
cylinder temperature and pressure than the other tested 
gasoline fuels. 

 

Figure 10. Fraction of low temperature reaction as a 
function of combustion phasing. 

Premixed combustion fraction 

Figure 11 shows the calculated premixed combustion 
using Gaussian profile fit (shown in Figure 4 and described 
with Equation 3). The premixed fractions for gasoline fuels 
are insensitive to CA50, while it increases for MK1 with late 
combustion phasing. The fraction of premixed combustion 
phase is connected to the n-paraffin concentration for gasoline 
fuels (see Table 2). High concentration of n-paraffin gives a 
high fraction of premixed combustion; however this was not 
the case for MK1 due to fuel chemistry and high temperature. 

 

 

Figure 11. The fraction of the premixed combustion as a 
function of combustion phasing. 

Combustion duration 

Figure 12 shows the combustion duration as a function of 
combustion phasing. Combustion duration is defined as the 
length of the crank angle interval between 10% and 90% 
accumulated heat release, that is CA90-CA10. Diesel fuel had 
longer combustion duration than the gasoline fuels. The 
combustion duration for MK1 and for the lowest RON fuel 
was insensitive to combustion phasing, while it increased for 
the other gasoline fuels with retarding combustion phasing. 
This was due to premixed combustion, as a rapid premixed 
combustion gives shorter combustion duration, while slower 
diffusion controlled combustion gives longer combustion 
duration. The combustion duration was longest for MK1 and 
shortest for the high RON fuels.  

 

Figure 12. Combustion duration as a function of combustion 
phasing CA50.  

Figure 13 shows that the maximum RoHR decreases with 
retarding combustion phasing for all fuels. However, the 
maximum RoHR for MK1 was quite insensitive to CA50. This 
is connected to the trend in premixed heat release fraction. The 
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increased premixed fraction at a later combustion phasing 
prevents the maximum rate to decrease for MK1. 

 

Figure 13. Maximum rate of heat release as a function of 
combustion phasing CA50.  

Emissions 

Smoke 

The smoke emissions as a function of combustion phasing 
are shown in Figure 14. The smoke level for MK1 was largely 
influenced of the combustion phasing and peaked at 2.8 for 
CA50=10. The lowest RON fuel had a smoke level around 0.3 
FSN, while other gasoline fuels had smoke levels below the 
detection limit 0.01 FSN. The rate of soot oxidation depends 
mostly on turbulence, temperature and available oxygen. All 
fuels operated at the same oxygen fraction and since the 
ambient density temperature and injection pressure are similar; 
the conditions for soot oxidation are likely the same for all 
fuels. The difference in smoke is thereby likely to be 
connected to the soot formation.  

  

Figure 14. Smoke as a function of combustion phasing. 

The soot formation is mainly affected by the fuel 
characteristics, the mixing between fuel and air, and the 

combustion temperature. Since boosting and inlet temperature 
are comparable for all fuels the soot formation can be 
expected to depend on fuel characteristics and mixture 
formation. The difference in ignition delay is, however, small 
between the low RON fuels and MK1. It is thereby indicated 
that the fuel composition had a far stronger influence on the 
smoke level than any characteristics of the combustion 
process. [3,8,16,26,27,28] 

NOx 

Figure 15 shows the emission index of NOx, g/kg-fuel, as 
a function of combustion phasing. The NOx formation is 
strongest at high combustion temperatures and high oxygen 
fractions. There are three major factors that influence NOx 
formation for a given diesel engine; air-fuel ratio, EGR ratio, 
and combustion phasing. For the gasoline fuels the NOx level 
was close to 0.2 g /kg fuel. NOx decreased with retarding 
combustion phasing due to low combustion temperature. MK1 
had significantly higher NOx level than gasoline fuels due to 
inhomogeneous combustion and thus higher in combustion 
temperature. A correlation between olefin concentration and 
NOx was evident, high concentration of olefin resulted in low 
NOx level (see Figure 15 and table 2). 

  

Figure 15. The emission index NOx as a function of 
combustion phasing. 

HC, CO and Combustion Efficiency 

The emission indices for unburned hydrocarbon (HC) and 
carbon monoxide (CO) as a function of combustion efficiency 
are shown in Figure 16. HC increased with decreased 
combustion efficiency due to low combustion temperature 
during the expansion. At lean mixtures and above 1200 K 
most of HC is oxidized or converted to CO [29]. The HC level 
was highest for the high RON fuels and lowest for MK1. This 
is likely to be connected either to the advanced injection 
timing for the high RON fuel (an earlier SOI places more fuel 
in the squish volume, which is less likely to be fully oxidized), 
or due to longer ignition delay which creates more over-lean 
(fuel-air) mixture and thus more incomplete combustion. The 
HC level increased with retarding combustion phasing due to 
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low combustion temperature and it was lowest for MK1 due to 
efficient combustion.  

 

Figure 16. The emission index CO and HC as a function of 
combustion efficiency. 

The reduction in CO with increased combustion 
efficiency is due to a high combustion temperature during the 
expansion. At lean mixtures and a combustion temperature 
between 800 K and 1400 K, a high fraction of CO can be 
expected. The CO was lower for MK1 than the gasoline fuels 
due to a more complete oxidation. The CO level increased 
with late combustion phasing and this was due to the low 
combustion temperature. A correlation between the RON and 
the CO emission index was evident, see Figure 16. The reason 
that high HC and CO was observed for the high RON fuels is 
because with such early injection timing the fuel and air 
become over-mixed. 

Combustion efficiency ( Combustion) increased with 
advanced combustion phasing due to high combustion 
temperature. Combustion efficiency was highest for MK1 and 
lowest for the low RON fuels. The inlet conditions are 
considered to be similar between the fuels, the difference 
thereby is likely due to the temperature rise because of in-
homogeneity in the combustion for MK1.   

 

SUMMARY AND CONCLUSIONS 
Fuel aspects on PPC were examined for four fuels in the 

gasoline boiling range together with MK1 as a reference fuel.  
The experiments were performed at 8 bar IMEPg and 
1500 rpm. During the experiments the desired  value was 1.5 
at an EGR ratio of 53±1%. This relation gave approximate 
inlet mole fraction of 5% CO2 and 13% O2. SOI where 
adjusted to detect the range in CA50 with stable combustion 
and acceptable pressure rise rate combined with maintained , 
EGR ratio, inlet pressure, and load. 

 The combustion phasing range for MK1 and low 
RON fuels was limited by decrease in , while for 
high RON fuels the combustion phasing range was 
limited by combustion instability.  

 MK1 showed the largest span in achievable CA50 
range, approximately 10 CAD while the high RON 
fuel only had a range of 6 CAD. 

 The ignition delay was related to n-paraffin 
concentration in the fuel. A high concentration of n-
paraffin gave a short ignition delay, while low 
concentration gave a prolonged ignition delay. 

 The duration and fraction of LTR depended on the 
ignition delay, where a prolonged ignition delay gave 
an increased duration. 

 Smoke was higher for MK1 than the gasoline fuels. 
Considering the similar conditions for soot oxidation 
this was concluded to be related to the soot formation 
characteristics.   

 MK1 showed a low concentration of HC and CO 
emissions compared to the gasoline fuels. The high 
RON fuels had the highest concentration of HC and 
CO plausible due to over-mixing.  
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 NOMENCLATURE 
ATDC     After top dead center 
CAD     Crank angle degree 
CA50 Crank angle at 50% completion of     

heat release 
CA0 Crank angle at 0% completion of     

heat release     
CN      Cetane number 
CO      Carbon monoxide 
CO2     Carbon dioxide 
COV     Coefficient of variance 
EGR     Exhaust gas recirculation 
EOI     End of injection 
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HC      Unburned hydrocarbon 
IMEPg Indicated mean effective pressure 

gross 
LTR     Low temperature reactions 
MON     Motored octane number 
MP      Mixing period 
NOx     Nitrogen oxides e.i. NO, NO2 
PM      Particulate Matter 
RoHR     Rate of heat release 
RON     Research octane number 
SOC     Start of combustion 
SOI      Start of injection 
TDC     Top dead center 
UHC     Unburned hydrocarbons 
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ABSTRACT 

Fuel effects on ignition delay and low temperature reactions 
(LTR) during partially premixed combustion (PPC) were 
analyzed using Design of Experiments (DoE). The test matrix 
included seventeen mixtures of n-heptane, isooctane, toluene 
and ethanol covering a broad range of ignition quality and fuel 
chemistry. Experiments were performed on a light duty diesel 
engine at 8 bar IMEPg, 1500 rpm with a variation in 
combustion phasing, inlet oxygen concentration and injection 
pressure. A single injection strategy was used and the start of 
injection and injection duration were adjusted to achieve the 
desired load and combustion phasing. The experimental data 
show that fuels with higher RON values generally produced 
longer ignition delays. In addition, the alcohol content had 
significantly stronger effect on ignition delay than the 
aromatic. Fuels with more ethanol gave longer ignition delays 
and a combination of high level of ethanol and toluene 
produced the longest ignition delay. An increased inlet oxygen 
concentration shortened the ignition delay. Surprisingly and in 
contradiction to what has been reported for HCCI combustion, 
ethanol amplified the LTR phase, while n-heptane suppressed 
it. Finally, the LTR phase was proportional to ignition delay. 
Longer ignition delay resulted in higher fraction of LTR.    

INTRODUCTION 

Compression ignited (CI) engines generally have higher 
efficiency than spark ignited (SI) engines. However the most 
common combustion concept in CI engines, conventional 
diesel combustion, struggles with high levels of particulate 
matter (PM) and NOx emissions. A significant portion of the 
PM consists of combustion generated soot. The soot and NOx 
emissions can be individually suppressed but generally there is 
a tradeoff, methods that reduce NOx emissions lead to 
increased soot emissions and vice-versa. One reason for this is 
that conditions leading to a sufficient soot oxidation also lead 
to high NOx formation. However, by introducing large amount 
of cooled exhaust gas recirculation (EGR) the combustion 
temperature can be suppressed which leads to lower formation 
of both soot and NOx [1-3]. This is utilized in partially 
premixed combustion (PPC). In PPC it is desirable to have 
separation between the end of injection and the start of 

combustion [4,5]. This can be achieved using large amount of 
exhaust gas recirculation (EGR), early start of injection, and 
fuel with high octane number (ON) [6-9]. 

In 2006 it was demonstrated that using gasoline fuel in 
compression ignition engines may reduce the levels of engine-
out emissions [10-15]. Since gasoline has a higher resistance 
to auto-ignition compared to the diesel fuel, it gives more time 
for mixing, and thus producing a higher fraction of premixed 
combustion. Using both EGR and gasoline fuels with high 
octane number further extends the time for pre-mixing. The 
fuel effects on the combustion process is dependent of the 
course of events on the early stages, i.e. mixing period, 
ignition delay and low temperature reaction phase (LTR). 
Therefore, understanding the fuel effect of these properties is 
critical to understand fuel effects on PPC.  

Fuel effects on ignition delay have been studied previously for 
diesel, Homogenous Charge Compression Ignition (HCCI) 
and PPC combustion. The ignition delay plays an important 
role in partially premixed combustion. Achieving the desired 
premixed combustion requires increasing the mixing of the 
fuel and air prior to ignition. The ignition delay depends on 
two factors; physical and chemical processes. The physical 
delay is when the fuel is injected, droplet evaporates, mixes 
with air and heats up to the auto ignition temperature [16], 
while the chemical delay takes place after the contact has been 
made between fuel and oxygen. This engages kinetics of 
chemical reactions which form free radicals and other 
intermediates that are necessary for ignition [16,17]. It is 
known that the two-stage, low temperature reactions (LTR), 
occurs in HCCI operations for fuels with a cetane number 
higher than 34. The amount of low temperature reactions heat 
release in each case increases with decreasing octane number 
and increasing cetane number, respectively. It is known that 
LTR phase increases with high concentration of n-heptane in 
the fuel during HCCI combustion. In [18-20], it was realized 
that the aromatics, some of the naphthenes, olefins and ethanol 
have a mechanism that reduces the LTR phase in HCCI 
combustion. In [20], Shibata mentioned that inlet oxygen 
concentration have a mechanism that affect the LTR phase, 
decreasing the inlet oxygen decreases the LTR. The LTR 
phase is mostly depends on the chemical reactions and the 
structure of the fuel composition. However, very few 
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researchers have studied the effect on fuel properties on LTR 
phase in partially premixed combustion.  

The authors have studied fuel effects on PPC previously 
[21,22]. It was observed that higher octane number fuels have 
longer ignition delay, as expected. Higher n-paraffin content 
resulted in shorter ignition delay and smaller LTR phase. 
Previously by the author also was observed that there was a 
relationship between ignition delay and LTR, longer ignition 
delay resulted in higher LTR. Therefore, this research study 
seeks to understand the connection between fuel properties (in 
particular alcohol, aromatic and alkane) and combustion 
events. There are three main goals of the research study: 
Firstly to understand which chemical and physical properties 
that affect ignition delay. Ignition delay is an important factor 
in partially premixed combustion, increasing the ignition delay 
allows for improved fuel-air mixing and thus resulting in a 
more substantial premixed burn. Secondly to investigate the 
chemical and physical parameters influence on the LTR phase. 
The LTR is an indication of low temperature combustion. 
Previous study by Shibata [20] showed that ethanol and high 
level of exhaust gas recirculation suppress LTR while n-
heptane amplifies LTR in HCCI combustion. Hence, the focus 
of this study tries to capture the same trend but in PPC instead 
of HCCI operating conditions. Thirdly investigate if there is a 
correlation between ignition delay and LTR and if this 
correlation is influenced by ethanol or inlet oxygen 
concentration. Therefore in this study, four surrogate fuels, n-
heptane, isooctane, toluene and ethanol, were analyzed using 
design of experiment. The test matrix included seventeen 
mixtures of n-heptane, isooctane, toluene and ethanol covering 
a broad range of ignition quality and fuel chemistry. The 
model is used to map the n-heptane, toluene and ethanol 
influence on ignition delay and LTR-phase. Fuel effects were 
quantified across a range of inlet oxygen concentration, 
combustion phasing and injection pressure to identify 
secondary parameter interactions. 

 

EXPERIMENTAL SETUP AND 
DIAGNOSTICS 

Engine setup 

The presented investigations were performed in a Volvo D5 
five cylinder passenger car diesel engine. The engine operated 
on only one cylinder while the other four were motored. The 
cylinder head and injection system with the following 
specifications are shown in Table 1. The engine test rig was 
equipped with an adjustable exhaust gas recirculation system 
and adjustable heating of the inlet temperature. 

 

 

Table 1. Engine Specifications 
                 Engine specifications 

Engine type Volvo D5 
Number of cylinders 1 
Bore [mm] 81 
Stroke [mm] 93.2 
Displacement Volume [cm2/cylinder] 480 
IVC [CAD BTDC] 174 
Compression ratio 16.5 
Swirl ratio 2.2 
Number of intake valves 2 
Number of exhaust valves 2 

         Injector 
Type Solenoid 
Injection nozzle holes 7 
Injection nozzle diameter [mm] 0.14 
Included angle [degrees] 140 

 

Fuels 

Fuels used in this study are a mixture of n-heptane, isooctane, 
toluene and ethanol in different volume fractions. In order to 
ensure that no damage was caused to the injection system, 100 
ppm lubricity additive Infineum R655 was added to each fuel 
mixture. The impact, on combustion phasing and emission 
formation, of the additive is expected to be neglectable at such 
small fraction.  Fuel specifications are shown in Table 2. 
Isooctane and n-heptane mixtures are called primary reference 
fuels (PRF), and these fuels define the RON and MON scales 
with 100 and 0 respectively. Toluene and ethanol are octane 
enhancers. However, there is no direct link between fuel 
mixture (compositions of PRF and toluene or PRF and ethanol 
or altogether) and octane number. In Table 2 the RON value 
increases for a fuel mixture that consists of toluene or ethanol 
or both, this RON called “Blending RON”. Toluene blending 
RON is a nonlinear relation. However, its RON value 
increases from 120 to 126* if the fuel mixture consists of 15% 
[23]. Ethanol RON value increases from 107 to 140** if the 
fuel mixture consists of 10% [24]. 

Measurement instrument 

Data acquisition 

Cylinder pressure is measured with Kistler 6056 to monitor 
cylinder pressure for heat release calculations. This sampled 
with the resolution of 0.2 crank angle degrees (CAD). The 
crank shaft position was determined by an encoder which 
provided five pulses per crank angle degree providing a 
resolution of 0.2 CAD. There are many parameters that 
measured from the engine such as the inlet and exhaust 
pressure which are measured with a pressure sensor of type 
Keller. The inlet air, inlet mixture and exhaust temperature are 
measured by Pentronic type K thermocouples.  
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Table 4. Surrogate fuel matrix.  
Fuels n-heptane [vol %] Toluene [vol %] Ethanol [vol %] Isooctane [vol %] RON MON 

1 30 0 0 70 70.3 70.4 
2 40 0 0 60 60.6 60.8 

3 30 15 0 55 74.2 71.9 
4 40 15 0 45 64.3 62.3 

5 30 0 10 60 78.7 76.7 

6 40 0 10 50 69.7 66.8 
7 30 15 10 45 81.6 77.2 
8 40 15 10 35 72.2 69.0 

9cp 35 7.5 5 52.5 71.9 69.4 
10cp 35 7.5 5 52.5 71.9 69.4 

11cp 35 7.5 5 52.5 71.9 69.4 
12 40 7.5 5 47.5 66.6 64.0 

13 30 7.5 5 57.5 76.8 74.2 

14 35 15 5 45 73.5 69.4 

15 35 0 5 60 70.5 68.7 
16 35 7.5 10 47.5 74.9 71.8 

17 35 7.5 0 57.5 67.3 66.1 

 
 

 
Figure 2. A central composite of two-level full factorial 
design.  

The settings for the three factors are given in Table 3 and 
graphically in Figure 2. However, the isooctane content in the 
mixtures was calculated according to Eq. 1. The levels were 
chosen to model gasoline fuel in a wide range of ignition 
quality.  

Table 3. Surrogate fuel compositions.  
Fuel High [%] Average [%] Low [%] 
n-Heptane 40 35 30 
Toluene 15 7.5 0 
Ethanol 10 5 0 

 

 (1) 

Where CI is the isooctane composition in the mixture, CN, CT, 
and CE are n-heptane, toluene and ethanol compositions 
respectively in the mixture.  In order to include isooctane in 
the test matrix, it was decided that the sum of n-heptane, 
toluene and ethanol mixture concentration should be less than 
100 and the rest represented by isooctane as shown in Table 4.  

The test matrix consisted of 15 fuel mixtures as shown in 
Table 4. The number of experiments can be described as 
2k-p+2k+cp, where k is the number of studied variables, p is 
the fractionalization element (p=0, full design) and cp is the 
number of the central points. The center point was replicated 
three times thus meaning that test matrix consisted of 17 
(23+2x3+3) set point combinations in total as seen in Table 4. 
The research octane number (RON) and the motor octane 
number (MON) were determined by ASTM D2699 and D2700 
respectively in CFR engine. 

Heat release characteristic  

From the calculated rate of heat release information about the 
combustion events can be extracted. The combustion events 
are divided into four phases; ignition delay (ID), low 
temperature reactions (LTR), premixed combustion phase and 
late mixing controlled combustion phase as seen in Figure 3. 
In this study, two phases were studied; ignition delay and low 
temperature reaction phase. 
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Figure 3. Typical PPC heat release diagram identifying 
different PPC phases.  
 
Ignition delay phase 

The ignition delay is the period between the start of injection 
(SOI) and the start of combustion (SOC) as shown in Figure 3. 
The start of injection was determined from the gradient of 
injection pressure where the gradient reached its maximum 
value due to needle lift as shown in Figure 4. The start of 
combustion is defined as the location where rate of heat 
release returns to zero after the negative period. When the fuel 
is injected the cylinder gas temperature decreases due to fuel 
evaporation, showing the negative rate of heat release. At the 
point where the rate of heat release return to zero established 
the start of combustion and, or the start of low temperature 
reactions.        

 
Figure 4. Gradient of injection pressure as a function of 
crank angle degree. Start of injection in red square. 
 
Low temperature reaction phase 

The Low temperature reactions are the first heat release with 
very low reaction temperature, where several reactions occur 
simultaneously and lead to real combustion. The LTR phase is 
characterized by a small peak before the main premixed rate 
of heat release. LTR fraction is used in this study and it was 
compared for different surrogate fuels. There are two methods 

used by the author to define the LTR phase. In the current 
study a method established and used to define the end of LTR 
phase in a good and robust way because at times the end of 
LTR is indistinct from the main rate of heat release. In order to 
separate the phases (LTR phase and premixed combustion 
phase) in a well-defined manner, a Gaussian profile is fitted to 
the raising flank of the premixed peak, between 15 J/CAD and 
the actual peak. The rate of heat release is then subtracted 
from the Gaussian profile, and the integrated area between the 
start of combustion and the threshold point is used as a 
measure of the LTR fraction as shown in Figure 5. 

 

  (2) 

In Equation (2) x0 is the central position of the peak, h and  
representing the height and width of the Gaussian profile.  

 
Figure 5. Gaussian profile (red), RoHR (blue), and 
difference (black) as a function of CAD. Figure shows the 
LTR phase.  
 

OPERATING CONDITIONS 

The testing condition used for this part of work center around 
the base conditions: 1500 rpm with a 8 bar IMEPg as in 
previous studies by the author [21,22]. A single injection 
strategy was used where the start of injection and the injection 
duration were adjusted to achieve the desired load and 
combustion phasing (CA50) as shown in Table 5. Combustion 
phasing is defined as the crank angle degree where 50% of the 
total heat is released (CA50). The inlet mixture temperature 
and pressure were kept constant at 345 K and 2.8±0.2 bar 
respectively. At this condition, several parameters were varied 
to examine surrogate fuel effect and engine behavior during 
PPC. These parameters included inlet oxygen concentration, 
combustion phasing and injection pressure. The inlet oxygen 
concentration was set to three different volume fractions: 11, 
13 and 15%. At each oxygen concentration level, the 
combustion phasing and injection pressure were varied. The 
combustion phasing was set to 3, 6, 8 and 10 degrees after top 
dead center, while injection pressure was set to, at each 
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oxygen concentration and combustion phasing 800, 1000 and 
1200 bar as shown in Table 6. 

Table 5. Constant inlet conditions. 
Engine speed [rpm] 1500 
Inlet temperature mixture [K] 345 
Loads IMEPg [bar] 8 
Absolut inlet pressure [bar] 2.8±0.2 

Table 6. Operating conditions. 
Inlet oxygen concentration 
[%] 11 (Low) 13 (Base) 14 (High) 

CA50 [ATDC deg] 3, 6, 8 &10 3, 6, 8 &10 3, 6, 8 &10 
Injection Pressure [bar] 800 (Low) 1000 (Base) 1200 (High) 
 

RESULTS AND ANALYSIS  

Ignition Delay 

The time difference between the start of injection (SOI) and 
the start of combustion (SOC) is called ignition delay. There 
are two factors that affect the ignition delay; physical and 
chemical factors. The physical factors that affect the fuel spray 
characteristics and the cylinder chamber conditions (such as 
temperature, velocity and pressure) will influence the ignition 
delay. On the other hand, the chemical properties of the fuels 
are much more important.  

One of the physical factors is the injection system variables. 
These variables are injection quantity (duration), injection 
timing, and injection pressure. Other physical factors are air 
charge conditions, load, engine speed, combustion chamber 
geometry, and swirl rate. In this study, the engine speed, air 
charge temperature and pressure, combustion chamber 
geometry, swirl ratio and load were constant. The injection 
timing and injection duration were adjusted to obtain the 
desire load at 8 bar IMEPg and combustion phasing at 3, 6, 8 
and 10 crank angle degree after top dead center (ATDC) for 
all operating conditions. The injection pressure and inlet 
oxygen concentration were varied as shown Table 6.  

The ignition quality for three PRF fuels (PRF60, PRF70 and 
PRF80) were analyzed and compared to TRF (a mixture of 
toluene and PRF) and ERF (a mixture of ethanol and PRF). 
This analysis will help to understand n-heptane, effect on 
ignition delay in the surrogate fuel matrix.  Figure 6 shows the 
ignition delay for the three PRF fuels at different oxygen 
concentrations. The effect of RON value on the ignition delay 
is clear, with distinct difference between each fuel of different 
RON value. The increases in ignition delay as RON value was 
increased. This is expected, since a high RON value is the 
same as high resistance to auto-ignition. In order to achieve 
the same CA50 for all PRF fuels, the SOI was adjusted. 
Hence, PRF80 was injected earlier due to its high RON value. 
The prolonged ignition delay with earlier or later injection 
timing occurs because the air temperature and the pressure 
change significantly close to the top dead center. If the start of 

injection occurs earlier, the initial pressure and temperature 
are lower which results in longer ignition delay [16]. For 
example: having CA50 at 3 degrees after top dead center 
(earliest SOI), the ignition delay increases with increasing 
PRF by almost one degree for the case with the lowest inlet 
oxygen concentration and similar trend is captured with other 
inlet oxygen concentrations. However, the inlet oxygen 
concentration has more influence on ignition delay than fuel 
compositions for PRF fuels as shown in Figure 6. The ignition 
delay decreases with increasing oxygen concentration in the 
inlet air charge. Ignition delay is prolonged for PRF80 (black 
square marker) by decreasing oxygen concentration. In order 
to achieve the same CA50 at 3 CAD ATDC for different 
oxygen concentration the injection timing is adjusted. Due to 
insufficient oxygen and longer mixing time the injection 
timing is advanced for the lowest oxygen concentration. The 
same trend is captured for the other fuels at different inlet 
oxygen concentrations. The equivalent ignition delay for 
different PRF is maintained by varying the inlet oxygen 
concentration. PRF80 with 15% O2 (black square and dotted 
line), PRF70 with 13% O2 (red circle and dashed line) and 
PRF60 with 11% O2 (blue triangle and solid line) have similar 
ignition delay as shown in Figure 6. 

  
Figure 6. Ignition delay as a function of start of injection. 
PRF60 (blue triangle), PRF70 (red circle), PRF80 (black 
square) with different inlet oxygen concentrations; 11% O2 
solid lines, 13% O2 dashed lines and 15% O2 dotted lines 
with CA50 at 3 degrees ATDC and 1000 bar injection 
pressure. 
 
The ignition delay as a function of the start of injection for 
PRF, TRF and ERF are shown in Figure 7. To understand the 
influence of fuel compositions on ignition delay, base fuel 
PRF70 (30% n-heptane and 70% isooctane) was compared to 
two different fuel compositions TRF and ERF. In this case, n-
heptane concentration was kept constant at 30% volume 
fraction whereas isooctane concentration was replaced by 
toluene for TRF fuel and by ethanol for ERF fuel. The ignition 
delay was prolonged by replacing 15% of isooctane in PRF70 
with toluene (blue square dashed line). Whereas replacing 
10% of isooctane in PRF70 with ethanol (black triangle dotted 
line), the ignition delay was boosted by 1.5 degree at CA50 3 
CAD ATDC (earliest injection) as shown in Figure 7. As it 
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was mentioned previously, the injection timing was advanced 
for higher RON fuel to achieve the same CA50 due to high 
auto-ignition resistance.   

 
Figure 7. Ignition delay as a function of start of injection. 
Figure shows PRF70 (red circle solid line), TRF (blue 
square dashed line) and ERF (black triangle dotted line) at 
constant oxygen concentration 13% and 1000 bar injection 
pressure. 
 
The general trends from the DoE analysis of the measurements 
are shown in Figure 8 to Figure 11 and Figure 14 to Figure 17. 
The levels on the abscissa of these figures refer to the values 
given in Table 4 and Table 6. The markers represent the 
experimental data and the curves represent the DoE regression 
model fit. As seen in the following figures the curves from the 
DoE regression model do not match the experimental data 
exactly. However, the regression model for a response is based 
on the whole data set (17 data points) as shown in Table 4, but 
few of the surrogate fuel mixtures are plotted in the following 
figures. These surrogate mixtures are: PRF, TRF (which 
consist of 15% toluene and PRF), ERF (which consists of 
10% ethanol and PRF), TERFcritical (critical point which 
consists of 15% toluene, 10% ethanol and PRF) and TERFcp 

(center point which consists of 7.5% toluene, 5% ethanol and 
PRF). The rest of the surrogate mixtures captured the same 
trends.  

     

Figure 8 shows the ignition delay trends and fuel 
compositions. Ignition delay depends on chemical reaction 
that occurs inside the combustion chamber. These chemical 
reactions depend on fuel composition and conditions in the 
combustion chamber. In this study the inlet operating 
conditions were kept constant at all points as shown in Table 
5. Figure 8 shows the base case where the engine control 
parameters are at 13% O2, 1000 bar injection pressure and 
with CA50 at 3 CAD ATDC. This helps to investigate and 
grasp the effect of surrogate fuels on ignition delay. As 
expected, ignition delay decreases with increasing n-heptane 
concentration in the mixtures. The ignition quality of a fuel is 
defined by its cetane number (CN), N-heptane has high cetane 
number, and fuels with high cetane number will generally 
have a shorter ignition delay. For PRF fuel (black solid line), 
increasing isooctane content in the fuel did not have much 
influence on ignition delay. Then the rest of the fuels are 
compared with PRF as the base fuel at the lowest n-heptane 
concentration. For TRF (green dash-dot line) ignition delay is 
higher by a. For TERFcp (red dashed line) ignition delay is 
higher by one and half degree. For ERF (black dotted line) 
ignition delay is higher by two degrees. For TERFcritical (red 
dotted line) ignition delay is higher by four degrees. Fuel slope 
varies from a horizontal line to a sharp slope depending on 
fuel RON value. Hence, the difference in ignition delay and its 
slope between fuels is relatively proportional to their 
separation in RON value. R2 for each model are given in the 
figures. By definition R2 range is between 0 and 1, where a 
value of 1 corresponds to a perfect fit. The same trend was 
captured at different CA50 with variation of inlet oxygen 
concentration and injection pressure for all surrogate mixtures. 
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Figure 8. Ignition delay as a function of n-heptane. Figure shows PRF (black solid line and squares), TRF (green dash-dot line 
and diamonds), ERF (black dotted line and circles), TERFcp (red dashed line and triangles) and TERFcritical (red dotted line and 
hexagrams) at constant oxygen concentration 13%, 1000 injection pressure and CA50 at 3, 6, 8 and 10 CAD ATDC. 
 

As expected, ignition delay increased with increasing RON 
value for different cases of SOC as shown in Figure 9. The 
chemical characteristics of the fuel are very important. The 
dependence of RON value on fuel molecular structure is as 
follows: straight-chain paraffinic compounds (n-heptane) have 
the highest ignition quality comparing to the branched-chain 
(isooctane), which means the auto-ignition resistance is higher 
for isooctane. Aromatic and alcohol have poor ignition quality 
which means the auto-ignition resistance is very high. The 
results shown in Figure 9 are under the same operating 
condition as in Table 5 at 13% inlet oxygen concentration and 
1000 bar injection pressure with variation of combustion 

phasing. Keeping the CA50 constant at 3, 6, 8 and 10 CAD 
ATDC resulted in a wide range of SOC for different fuel 
combinations. The ignition delay decreases with retarding 
SOC until it reaches its minimum around SOC 0 CAD ATDC, 
then it increases again. The increase in ignition delay with 
earlier SOC (at -6 and -3 degree) is because the air 
temperature and pressure are lower. However, the decrease in 
ignition delay with later SOC (at 0 degree) is because the air 
temperature and pressure are slightly higher close to top dead 
center (TDC). After TDC the air temperature and pressure are 
slightly lower therefore the increase in ignition delays at SOC 
(3 and 6 degree).
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Figure 9. Ignition delay as a function of RON for different cases of SOC. Figure shows SOC -6 (cyan solid line), SOC -3 (blue 
dotted line and), SOC 0 (green dashed line), SOC 3 (red dash-dot line) and SOC 6 (red solid line) at 1000 bar injection pressure, 
13% inlet oxygen concentration and CA50 at 3, 6, 8 and 10 CAD ATDC. 
 
 

 

  
Figure 10. Ignition delay as a function of inlet oxygen concentration. Figure shows PRF (black solid line and squares), TRF 
(green dash-dot line and diamonds), ERF (black dotted line and circles), TERFcp (red dashed line and triangles) and TERFcritical 
(red dotted line and hexagrams) at 1000 bar injection pressure and CA50 at 3, 6, 8 and 10 CAD ATDC. 
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As seen in Figure 10 ignition delay increased with decreasing 
inlet oxygen concentration. For TERFcritical and ERF, ignition 
delay was increased by four degrees moving from the highest 
inlet oxygen concentration to the lowest. While for PRF, 
TERFcp and TRF, ignition delay was increased by three 
degrees moving from the highest to the lowest inlet oxygen 
concentration. The total amount of air charge entering the 
cylinder was the same but the volume fraction of oxygen was 
lower. Therefore, the increase in ignition delay was due to 
insufficient oxygen in the inlet air charge, thus allows more 
time for the injected fuel to react with the available oxygen. 
The inlet oxygen concentration had stronger influence on 
ignition delay. These trends did not change with variation in 
injection pressure or combustion phasing was used. However, 
the ignition delay levels decreased by approximately three 
degrees by retarding the combustion phasing. 

Generally, increasing injection pressure advances the 
combustion phasing due to improved spray breakup and 
shorter physical mixing time, yielding a shorter ignition delay 
[26]. However, in this study ignition delay is insensitive to 
injection pressure, as shown in Figure 11, at constant 
operating condition as shown in Table 5, and at 13% O2 with 
CA50 at 3 degree ATDC. Results obtained at other inlet 
oxygen concentrations and combustion phases are similar. 
This is due to similarity in SOI at different injection pressure 
for the same fuel.   

   
 Figure 11. Ignition delay as a function of injection pressure. 
Figure shows PRF (black solid line and squares), TRF 
(green dash-dot line and diamonds), ERF (black dotted line 
and circles), TERFcp (red dashed line and triangles) and 
TERFcritical (red dotted line and hexagrams) at 1000 injection 
pressure and CA50 at 3 CAD ATDC. 
 
Low Temperature Reactions Phase 

The low temperature reaction phase is defined from the start 
of combustion to the end of LTR. The end of LTR is defined 
as the minimum value between the main peak of heat release 
rate and the second peak of LTR, as shown in Figure 5. Low 
temperature reactions phase depends mainly on chemical 

process (such as fuel composition and fuel structure) and 
physical (such as in-cylinder temperature and pressure and the 
conditions for the inlet air charge as well). Earlier studies 
showed that LTR increases with n-heptane while it decreases 
with isooctane in HCCI combustion [18,19]. Shibata in [20] 
mentioned that ethanol and high EGR rate suppress LTR in 
HCCI combustion. Therefore this work tries to capture the 
same trend but in PPC type of combustion. Three different 
PRF fuels are studied to clarify the effect of n-heptane on 
LTR. These three fuels, as mentioned in previous section, are; 
PRF60 (blue triangle markers), PRF70 (red circle markers) 
and PRF80 (black square markers). The most striking feature 
observed in Figure 12 is the increase in the LTR as n-heptane 
decreased and EGR rate increased. To achieve the same 
CA50, SOI was advanced for high RON fuels. Advancing the 
SOI generally tends to increase LTR phase because the in-
cylinder temperature and pressure are lower. The inlet oxygen 
concentration had stronger impact on low temperature reaction 
than fuel composition for PRF fuel.      

  
Figure 12. LTR fraction as a function of start of injection. 
PRF60 (blue triangle), PRF70 (red circle), PRF80 (black 
square) with different inlet oxygen concentrations; 11% O2 
solid lines, 13% O2 dashed lines and 15% O2 dotted lines. 
 
LTR fraction as a function of start of injection for PRF, TRF 
and ERF are shown in Figure 13 (left). To understand the 
influence of fuel composition especially aromatic and alcohol 
on LTR phase, a base fuel PRF70 (red solid line) was 
compared to TRF (blue dash-dot line) and ERF (black dotted 
line). The n-heptane concentration was kept constant for all 
fuels at 30% volume fraction, whereas isooctane in PRF70 
was replaced by 15% toluene for TRF fuel and by 10% for 
ERF fuel. The SOI was advanced for TRF by one degree to 
maintain same CA50 at 3 CAD ATDC (earliest SOI). 
Accordingly the increase in LTR fraction for TRF was 
achieved. The LTR fraction increased for ERF by half percent 
at same CA50 in comparison to PRF. Advancing the SOI 
tends to decrease cylinder temperatures and pressures. 
However, the LTR fraction for all fuels increased by retarding 
the SOI. This is because the SOC occurs after TDC and thus 
cylinder temperatures are lower as shown in Figure 13 (right).
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Figure 13. LTR fraction as a function of start of injection (left) and in-cylinder temperature at SOC as a function of SOC (right). 
Figure shows PRF70 (red circle solid line), TRF (blue square dashed line) and ERF (black triangle dotted line) at constant oxygen 
concentration 13% and 1000 bar injection pressure. 
 
 

Figure 14 shows LTR trends and fuel compositions. The most 
remarkable characteristic observed here is the increase in LTR 
as n-heptane content increased for all surrogate fuel 
combinations. The operating conditions that are used for this 
analysis are shown in Table 5 with base case (13% O2 and 
1000 bar injection pressure) at CA50 3 degrees ATDC. In 
order to better understand the influence of surrogate 
components on LTR, analyses were done at constant operating 
conditions. The results are contradictory to what was 
expected, for PRF (black solid line) the LTR reaction 
decreases as n-heptane increased. Thus, the start of injection 
retarded as the octane number was decreased to achieve the 
same CA50. However, the in-cylinder temperature and 
pressure are slightly higher as the SOI is retarded near the top 
dead center. For TRF fuel (green dash-dot line) the LTR is 
slightly higher than PRF. The increase in LTR, in this case, is 
due to increase in octane number because toluene has higher 
octane number than isooctane. Thus, the in-cylinder 
temperature and pressure are lower with advanced SOI. For 
ERF (black dotted line) and TERFcp (red dashed line) fuels, 
the LTR are slightly different from each other and TRF. 
Generally, the similarities in LTR for these fuels are due to 
similarities in the cylinder temperature. For TERFcritical (red 
dotted line), LTR is higher than the rest of the fuels due to 
high octane number at 30% n-heptane. As mentioned 
previously, the SOI is advanced for fuels with higher RON 
and thus the in-cylinder temperature and pressure are lower. 
Also, it can be noted that the slopes of LTR, predicted from 
the regression model, are different for each fuel due to fuel 
composition. Results obtained at other combustion phasing 
and injection pressure show similar trends.  

 
Figure 14. LTR as a function of n-heptane. Figure shows 
PRF (black solid line and squares), TRF (green dash-dot 
line and diamonds), ERF (black dotted line and circles), 
TERFcp (red dashed line and triangles) and TERFcritical (red 
dotted line and hexagrams) at constant oxygen concentration 
13%, 1000 injection pressure and CA50 at 3 CAD ATDC. 
 

Figure 15 (left) illustrates the LTR trends and fuel 
compositions as a function of SOC. As expected the LTR 
increases with early SOC due to low cylinder temperature and 
pressure. The reason that TERFcritical (red dashed line) has 
advanced SOC is due to its higher RON value. Accordingly, 
matching combustion phasing between fuels requires different 
injection timings for different octane number fuels, with 
higher RON fuels needing earlier injection timings and thus 
results in an earlier SOC as shown in Figure 15. However, it 
was observed that LTR have their minimum values because 
in-cylinder temperature and pressure are slightly higher near 
top dead center. Figure 15 (right) shows temperature at SOC 
(TaSOC) which is calculated from in-cylinder pressure trace 
and has a significant influence on LTR. The effect of RON 
value on in-cylinder temperature is clear, with distinct 
difference between each fuel of different RON value. The 
difference in TaSOC between fuels is fairly proportional to 
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their separation in RON value. In Figure 15 (right) it was 
observed that even for the same SOI for different fuels, 
marked in the rectangular area, the TaSOC increases as RON 
value decreased. To summaries this, in order to achieve the 

same CA50 different SOI was required for different RON 
fuels which resulted in different SOC. The increase in LTR as 
the RON value increased was due to decreased in TaSOC.

  
Figure 15. LTR as a function of SOC (left) and Temperature at SOC as a function of SOI (right). Figure shows PRF60 (black 
dotted line), PRF70 (black solid line), TRF (green dash-dot line), ERF (blue dotted line), and TERFcritical (red dashed line) with 
base case (oxygen concentration 13%, 1000 injection pressure) with variation of CA50 at 3, 6, 8 and 10 CAD ATDC. 
 

 

Figure 16. LTR as a function of inlet oxygen concentrations. Figure shows PRF70 (black solid line), TRF (green dash-dot line), 
ERF (black dotted line), TERFcp (red dashed line), and TERFcritical (red dotted line) with variation of CA50 at 3, 6, 8 and 10 CAD 
ATDC.
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Figure 16 presents the LTR trends and fuel compositions as 
the inlet oxygen concentration was varied from 11% to 15%. 
In obtaining these data, the operating conditions were fixed as 
shown in Table 5, while the injection pressure kept constant at 
1000 bar and the CA50 at 3 degrees ATDC. Two factors 
contribute to the effect on LTR: the chemical factors and the 
physical factors. Previously, it was mentioned that one of the 
aims of this study is to understand the influence of inlet 
oxygen concentration (O2) on LTR phase and if O2 has the 
much more influence on LTR than fuel compositions. Shibata 
states in [20] that LTR decreases as EGR rates increases in a 
HCCI engine. However, in this study it was found that the 
LTR increased as the inlet oxygen concentration decreases. 
Therefore, the increase in LTR is due to slow chemical 
reaction rates. This is an expected consequence of longer 
mixing times when temperatures are dropping rapidly. 
Decreasing the inlet oxygen concentration from 15 to 11% the 
LTR increased by 3% for the fuels presented in figure 16. A 
similar trend was captured independently of CA50 for all fuels 
used in the experiments. However, moving from PRF70 to 
TERFcritical at 11% O2 the LTR increased by 1.5%. To 
conclude, the inlet oxygen volume fraction had much more 
influence on the LTR than the fuel compositions.  
 
The slight increases in fractions of LTR as the injection 
pressure increases as shown in Figure 17 is due to very small 
different in cylinder temperatures. Nevertheless, these tests 
were carried out at constant operating conditions as shown in 
Table 5 and at 13% O2, which produced similar SOI for same 
fuel at different injection pressures. 
  

  
Figure 17. LTR as a function of injection pressure. Figure 
shows PRF70 (black solid line), TRF (green dash-dot line), 
ERF (black dotted line), TERFcp (red dashed line), and 
TERFcritical (red dotted line) at 13% O2 CA50 at 3 CAD 
ATDC. 
 
Low Temperature Reaction Phase versus 
Ignition Delay  

In Previous sections was found that both ignition delay and 
LTR phase had similar features with fuel compositions, inlet 
oxygen concentrations and injection pressure. Thus, a 

correlation is found between the LTR and ignition delay as 
shown in Figure 18 at different oxygen concentrations. It is in 
interest to know if this is influenced by inlet oxygen 
concentration or alcohol concentration. At 15% O2, moving 
from PRF60 to ERF (replacing 10% of isooctane in PRF with 
ethanol) the LTR increased as ignition delay was increased by 
1% per 2 degrees respectively. The increase in LTR and 
ignition delay is because the increase in RON value tends to 
advance SOI. Advancing the SOI tends to lower the in-
cylinder temperatures. There is additional time available for 
fuel-air premixing at advanced injection timing due to 
prolonged ignition delay. Therefore, the chemical reactions 
occur slowly and as a result the LTR increases. However, 
reducing the O2 from 15% to 11% for PRF60 the LTR 
increased as the ignition delay was increased by 2% per 2 
degrees respectively. The increases in LTR as ignition delay 
increase is due to insufficient oxygen concentration in the inlet 
air charge, thus allows more time for the injected fuel to react 
with the available oxygen. Figure 18 shows that the slopes 
between fuels are different. At 15% O2, the slope between 
PRF60 and PRF70 is sharp, meaning the LTR increases more 
than ignition delay. The slopes between PRF70-TRF and 
TRF- ERF are weak, meaning the ignition delay is longer than 
LTR. However, the slope between ERF and TERF is steepest, 
meaning LTR increases more than ignition delay.    

   
Figure 18. LTR as a function of ignition delay. Figure shows 
PRF60 (black triangle markers), PRF70 (black square 
markers), TRF (green diamond markers), ERF (blue circle 
markers), and TERFcritical (red hexagrams) at 11% O2 (black 
solid line), 13% O2 (black dash-dot line) and 15% O2 (black 
dashed line) with CA50 at 3 CAD ATDC. 
 

The relations between LTR and ignition delay at different inlet 
oxygen concentration and with different CA50 are shown in 
Figure 19 at constant injection pressure 1000 bar. At 11% O2, 
the LTR-ID slope is insensitive to ignition delay at the earliest 
and latest CA50 (3 and 10 degrees ATDC) due to lower 
cylinder temperature and pressure. Thus, the chemical 
reactions occur slower. However, the LTR-ID slope is more 
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sensitive as the inlet oxygen increases. This is due to sufficient 
oxygen in the inlet air charge, thus the injected fuel is mixed 
faster with the available air and ignition occur faster. 
Therefore the in-cylinder temperatures are higher and the 

chemical reactions occur rapidly. This trend is well captured 
with 15% O2 (green solid line) in comparison with the other 
cases as shown in Figure 19 and Table 7.

 

  

 

Figure 19. LTR as a function of ignition delay. Figure shows 11% O2 (red solid line with squares) 13% O2 (blue solid line with 
circles) and 15% O2 (green solid line with diamonds) for all seventeen fuels at different CA50 and 1000 bar injection pressure. 
 

Table 7. The LTR-ID slope Equations 
                            11% O2 
CA50 [deg ATDC] Slope Eq. 
3 y =1.423+0.353x 
6 y= 0.0789+0.523x 
8 y = 0.0984+0.541x 
10 y =0.8455+0.49x 
                              13% O2 
CA50 [deg ATDC] Slope Eq. 
3 y =-1.263+0.592x 
6 y= -2.343+0.775x 
8 y =-2.141+0.765x 
10 y =-2.943+0.953x 
                              15% O2 
CA50 [deg ATDC] Slope Eq. 
3 y =-1.198+0.4899x 
6 y =-1.347+0.536x 
8 y =-1.313+0.551x 
10 y =-3.475+0.959x 
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SUMMARY AND CONCLUSIONS  

In this study seventeen fuel mixtures designed with DoE were 
tested in a light duty diesel engine at 8 bar IMEPg and 
1500 rpm with an absolute inlet pressure of 2.28±0.2 bar. A 
single injection strategy was used where the start of injection 
and the injection duration were adjusted to achieve the desired 
load and combustion phasing. The inlet oxygen concentration, 
combustion phasing, and injection pressure were all varied 
during the experiments at constant inlet mixture temperature 
of 345 K. 

1. The ignition delay was more influenced by alcohol 
than aromatic due to increases in RON value and 
thus better mixing due to advance the SOI.  

2. The increase in ignition delay as RON value 
increased was due to advanced SOI. The difference 
in ignition delay between fuels was relatively 
proportional to their separation in RON value. This 
was expected, since a high RON value is the same as 
high resistance to auto-ignition.  

3. At lower inlet oxygen concentration, more ambient 
fluid must be mixed with the fuel to release the same 
amount of heat. Thus, additional time is expected in 
order to mix the same amount of O2 with unburned 
fuel which tends to increase the ignition delay.  

4. In contradiction to what has been reported for HCCI 
combustion, ethanol and toluene amplified the LTR 
phase, while n-heptane suppressed it in PPC type of 
combustion. However, ethanol had stronger 
influence on LTR than toluene. 

5. Running the test as constant operating conditions 
and having similar SOI for same fuel at different 
injection pressure, the LTR and ignition delay were 
insensitive to injection pressure. 

6. Reducing O2 from 15% to 11% increased LTR as 
much as increasing ethanol concentration from 0% 
to 10%. 

7. A proportional correlation between LTR and ignition 
delay was found. This slope was more influenced by 
inlet oxygen concentration than alcohol content in 
the fuel. However, the LTR-ID slope was sensitive 
at different combustion phases and especially for the 
case with the highest inlet oxygen concentration. 
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ATDC   After top dead center 
CAD   Crank angle degree 
CA0 Crank angle at 0% completion of 

heat release 
CA50 Crank angle at 50% completion of 

heat release 
CN   Cetane number 
DoE   Design of experiment 
EGR   Exhaust gas recirculation 
ERF   Primary reference fuel with ethanol 
ID   Ignition delay 
IMEPg Indicated mean effective pressure 

gross 
LTR   Low temperature reaction 
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NOx   Nitrogen oxides e.i. NO, NO2 
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PM   Particulate matter 
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SOI   Start of injection 
TaSOC Temperature at start of 

combustion 
TDC   Top dead center 
TERFcp Primary reference fuel with toluene 

and ethanol, center point 
TERFcritical Primary reference fuel with toluene 

and ethanol, critical point 
TRF   Primary reference fuel with toluene 
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ABSTRACT
Partially premixed combustion (PPC) is intended to improve
fuel efficiency and minimize the engine-out emissions. PPC
is known to have the potential to reduce emissions of nitrogen
oxides (NOx) and soot, but often at the expense of increased
emissions of unburned hydrocarbons (HC) and carbon
monoxide (CO). PPC has demonstrated remarkable fuel
flexibility and can be operated with a large variety of liquid
fuels, ranging from low-octane, high-cetane diesel fuels to
high-octane gasolines and alcohols. Several research groups
have demonstrated that naphtha fuels provide a beneficial
compromise between functional load range and low
emissions. To increase the understanding of the influence of
individual fuel components typically found in commercial
fuels, such as alkenes, aromatics and alcohols, a systematic
experimental study of 15 surrogate fuel mixtures of n-
heptane, isooctane, toluene and ethanol was performed in a
light-duty PPC engine using a design of experiment
methodology. The impacts of oxygen concentration, injection
pressure, combustion phasing and premixed fraction were
investigated for all fuel blends. The investigation also
produced data for future kinetics modeling that can expand
the understanding of fuel effects on PPC.

The experiments were performed at 8 bar IMEPg and at an
engine speed of 1500 rpm using a single injection strategy.

HC and CO emissions increased greatly with increasing
ethanol and decreased greatly with increasing n-heptane
concentration. NOx emissions increased with an increasing
oxygen fraction and decreased with increasing ethanol

concentration. Although soot levels were near zero in many
of the experiments, we observed that high levels of n-heptane
increased soot, while high ethanol reduced it. The premixed
fraction was impossible to predict due to data variation. No
correlation was found between the premixed fraction and soot
levels.

INTRODUCTION
Manufacturing diesel engines to meet future emissions
standards requires significant development of the combustion
system. Several new strategies for diesel combustion have
been proposed, such as premixed charge compression ignition
(PCCI) [1], premixed compression ignition (PCI) [2],
partially premixed compression ignition (PPCI) [3], and
Nissan LTC's modulated kinetics (MK) [4,5]. These concepts
all share general features and similar objectives.

The main advantage of these combustion strategies is low
levels of engine-out soot and NOx. The common method for
achieving this is to use a high level of cooled exhaust gas
recirculation (EGR); this increases the heat capacity, reducing
the combustion temperature and avoiding zones with high
production of soot and NOx. EGR also slows the kinetic
reactions, resulting in more fuel and air being premixed
before ignition. However, there are significant drawbacks, as
high EGR rates elevate CO and HC emissions [6]. In
addition, high EGR rates can affect soot oxidation late in the
cycle [7]. At low loads, high EGR rates are avoided due to
incomplete combustion. To achieve long ignition delay and a
sufficient time for fuel and air to mix before ignition without
using high EGR rates, different fuel properties can be used.
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Compression-ignited (CI) engines generally have higher
efficiency than do spark-ignition engines. However, the most
common combustion concept in CI engines, conventional
diesel combustion, struggles with high particulate matter
(PM) and NOx emissions. Therefore, new combustion
strategies are used in CI engines to reduce engine-out PM and
NOx emissions. One such promising strategy, partially
premixed combustion (PPC), is analyzed here. Independently
of its properties, if a combustion concept is to be put into
production in the near future, it must use the fuels available
on the market. It is important to understand how PPC
responds to fuel properties, especially research octane
number (RON) and ignition quality.

It has been demonstrated that using gasoline fuel in
compression ignition engines may reduce the levels of
engine-out emissions [8, 9, 10, 11, 12, 13]. Since gasoline has
a higher resistance to auto-ignition than does diesel fuel, it
allows more mixing time, producing a higher fraction of
premixed combustion. Using both EGR and high-octane
gasoline fuels further extends the premixing time. However, a
drawback of using gasoline fuels is that their high RONs are
limiting at lower loads. The fuel effects on the combustion
process depend on the course of events in the early stages of
combustion, i.e., the ignition delay (ID), mixing period (MP),
and premixed fraction phase (PF), as shown in Figure 1.
Therefore, understanding fuel effects on these properties is
critical in understanding fuel effects on PPC.

Figure 1. Typical PPC heat release diagram identifying
different PPC phases.

Fuel effects on emissions such as HC and CO have
previously been studied in diesel combustion. However, few
studies of the effect of fuel composition on partially premixed
combustion have been performed. These studies were
performed in PPC using gasoline fuels, but it was difficult to
analyze fuel composition effects on combustion events and
emissions due to the great variation in the concentrations of
fuel components. Beside the effects of fuel composition on
engine-out emissions, combustion chamber geometry and
operating conditions are also a source of engine-out
emissions, especially of HC and CO. The sources of engine-
out HC emissions in conventional diesel combustion also

apply in PPC: trapped fuel in the crevice volume, significant
variation in local fuel equivalence ratio, bulk quenching of
oxidation reactions due to low combustion temperature, and
spray impingement causing liquid film in the squish volume
and on the combustion chamber wall resulting in incomplete
fuel evaporation and oxidation [14]. Previous studies have
investigated the sources of HC and CO under low-
temperature combustion conditions. The major contributors
to bulk-gas HC and CO late in the cycle are nozzle dribble
and ejected fuel droplets [15]. Other studies demonstrate that
the spray target and squish height affect HC and CO
emissions [16].

The authors have previously studied fuel effects on engine-
out emissions and combustion characteristics for commercial
fuels such as diesel and various types of gasoline [17, 18]. It
was observed that gasoline fuels had a higher premixed
fraction than did diesel. However, the relationship between
premixed fraction and fuel composition among the gasoline
fuels was not fully understood. The wide range of fuel
compositions inhibited the possibility of isolating the impacts
of the paraffin, olefin, and aromatic contents. Therefore, this
study focuses on understanding the influence of individual
fuel components, such as alkanes, aromatics, and alcohols,
typically found in commercial fuels. For example: the most
common aromatics in gasoline is toluene and recently ethanol
has been added in gasoline up to 10% with the aim to reduce
CO2 emissions. Machado et al. [19] concluded that mixtures
of n-heptane, isooctane, ethanol and toluene could be used as
surrogate fuels for oxygenated gasoline. To this end, a
systematic study of 15 surrogate fuel mixtures of n-heptane,
isooctane, toluene, and ethanol was performed in a light-duty
PPC engine using a design of experiment (DoE)
methodology. Similar fuel has been run in HCCI combustion
[20]. Moreover, we also studied varying operating conditions,
such as injection pressure, combustion phasing, and inlet
oxygen concentration, resulting in 612 operating points.
These data are used to strengthen the quadratic regression
models of the premixed fraction and emissions. In addition,
the data will be used in future kinetics modeling to increase
the understanding of fuel effects on PPC.

Objective
The main objective of this study is to predict the premixed
combustion fraction for different fuel compositions and
operating conditions. The premixed combustion fraction is a
key parameter in PPC since it affects both engine-out
emissions and fuel consumption. A second objective is to
understand the impact of fuel composition on engine-out
emissions in PPC.

EXPERIMENTAL SETUP AND
DIAGNOSTICS
Engine Setup
The presented investigations were performed in a Volvo D5
five-cylinder passenger car diesel engine. The engine

Downloaded from SAE International by Hadeel Solaka Aronsson, Monday, May 12, 2014 05:12:40 AM



operated on only one cylinder while the other four were
motored. The specifications of the cylinder head and injection
system are shown in Table 1. The engine test rig was
equipped with an adjustable exhaust gas recirculation system
and adjustable heating of the inlet charge temperature.

Table 1. Engine specifications

Fuels
The fuels used here were mixtures of n-heptane, isooctane,
toluene, and ethanol in different volume fractions. To prevent
damage to the injection system, 100 ppm of the lubricity
additive Infineum R655 was added to each fuel mixture. The
impact of such a small amount of additive on combustion
phasing and emission formation is expected to be negligible.
Fuel specifications are shown in Table 2. Isooctane and n-
heptane mixtures are called primary reference fuels (PRF),
and these fuels define the RON and motor octane number
(MON) scales, which each extend from 100 to 0. Toluene and
ethanol are octane enhancers. However, there is no direct link
between fuel mixture (compositions of PRF and toluene, PRF
and ethanol, or all four) and octane number. Toluene and
ethanol increase RON when added to primary reference fuels,
but this increase is not linearly related to the volume percent
added; this can be seen from the results presented in Table 4.

Table 2. Fuel specifications

Measurement Equipment
Data Acquisition
Cylinder pressure was measured using a Kistler 6056
piezoelectric pressure sensor for heat release calculations. It

was sampled at a resolution of 0.2 crank angle degrees
(CAD). The inlet and exhaust pressures were measured using
a Keller pressure sensor. The inlet air, inlet mixture, and
exhaust temperature were measured using Pentronic type-K
thermocouples.

Fuel and Air Mass Flows
The intake air mass flow was measured using a Bronckhorst
IN-FLOW thermal mass flow meter. It was situated
approximately 3 m upstream from the intake manifold to
prevent pressure oscillations propagating from the engine, or
EGR system, into the flow meter. The fuel mass flow was
measured as the mean value of the mass gradient using a
Sartorius CPA 62025 fuel balance.

Emission Measurement
Smoke emissions were measured using an AVL415S smoke
meter, while NOx, HC, exhaust CO2, CO, and intake CO2
emissions were measured using a Horiba MEXA9200DF
measurement system. NOx emissions were measured using a
chemiluminescence analyzer, whereas HC was measured
using a flame ionization detector (FID); the piping to the FID
analyzer was heated to approximately 191°C to prevent
condensation of unburned fuel components. Inlet and exhaust
oxygen (O2) were measured using a magneto-pneumatic
condenser microphone method (MPA), whereas CO, intake
CO2, and exhaust CO2 were measured using infrared
analyzers.

Inlet Oxygen Concentration
The inlet oxygen concentration was measured using a Horiba
measurement system. The oxygen concentration in the intake
manifold was controlled by a valve that regulates the amount
of EGR entering the intake system. The EGR was drawn off
the main exhaust pipe through the EGR cooler to reduce the
EGR temperature. Typical EGR coolers, including the cooler
used on the production five-cylinder version of this engine,
cool the EGR by circulating engine coolant water through a
heat exchanger. Later, the EGR and the heated air in the inlet
system are mixed and heated to a temperature of 345 K
before the intake air mixture enters the cylinder, as shown in
Figure 2.

Figure 2. EGR and oxygen measurement in the inlet
system.
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METHODS AND DEFINITIONS
Design of Experiments
Fifteen blends of isooctane, n-heptane, toluene, and ethanol
were created according to the experimental design. A central
composite two-level full-factorial design in which axes are
drawn through the center of the cube and the axial points are
located on the face of the cube [21], as shown in Figure 3, is
used in this study.

Figure 3. A central composite two-level full factorial
design.

The settings for the three factors are given in Table 3 and
shown graphically in Figure 3.

Isooctane levels were chosen to model gasoline fuel over a
wide ignition-quality range. The isooctane contents of the
mixtures were calculated according to Eq. 1,

(1)

where CI is the isooctane percentage in the mixture and CN,
CT, and CE are the n-heptane, toluene, and ethanol
percentages in the mixture, respectively.

The test matrix consisted of 15 fuel mixtures as shown in
Table 4. The number of experiments can be described as 2k - p

+ 2k + cp, where k is the number of studied variables, p is the
fractionalization element (p = 0, full design), and cp is the
number of center points. The center point was replicated three
times, meaning that test matrix consisted of 17, i.e., 23 + (2 ×
3) + 3, set point combinations as seen in Table 4. The RON
and the MON were determined using the ASTM D2699 and
D2700 standard methods, respectively, in a CFR engine.

Heat Release Characteristics
Information about the combustion event can be extracted
from the calculated rate of heat release. The heat losses are
included in the rate of heat release calculation using the
Woschni model. The combustion event is divided into four
phases, i.e., ignition delay (ID), LTR, premixed combustion
phase, and late mixing controlled combustion, as seen in
Figure 1.

Table 3. Surrogate fuel compositions.

Table 4. Surrogate fuel matrix.
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Premixed Combustion Phase
In the premixed combustion phase, the combustible fuel and
air mixture burns rapidly. This phase is controlled by
chemical kinetics and the reaction speed depends mainly on
temperature.

In the present study, the premixed and late heat release rates
are not separated. This is because parts of the premixed
combustion phase are limited by mixing, and parts of the late
combustion phase depend on slow reactions rather than
mixing. To separate the phases in a well-defined manner, a
Gaussian profile is fitted to the rising flank of the premixed
peak, between the end of low-temperature reactions and the
actual peak, and the integrated area of the profile is used as a
measure of the premixed reactions. In Eq. 2,

(2)

x0 is the central position of the peak, and h and α represent
the height and width of the Gaussian profile, respectively.
Figure 4 shows the rate of heat release as a function of crank
angle together with the Gaussian profile. As is evident, the fit
closely follows the premixed heat release. The Gaussian
profile is a mathematical rather than a physical representation
of the premixed reaction phase. However, it provides as a
robust measure of the premixed reactions under all operating
conditions.

Figure 4. Gaussian profile as a fit for the premixed
combustion proportion of heat release rate.

OPERATING CONDITIONS
The test conditions used here centered on the base conditions,
i.e., 1500 rpm at 8 bar IMEPg, used in previous studies by the
author [17,18,22]. A single-injection strategy was used in
which the start of injection and duration were adjusted to
achieve the desired load and combustion phasing, as shown in
Table 5. Combustion phasing is defined as 50% heat release
completion (CA50). The inlet mixture temperature and
pressure were kept constant at 345 K and 2.28 ± 0.02 bar,
respectively. Under these conditions, several parameters were
varied to examine surrogate fuel effect and engine behavior
during PPC. These parameters included inlet oxygen

concentration, combustion phasing, and injection pressure.
The inlet oxygen concentration was set to three different
volume fractions: 11, 13, and 15%. At each oxygen
concentration, the combustion phasing and injection pressure
were varied. The combustion phasing was set to 3, 6, 8, and
10 degrees after top dead center. Three different injection
pressures, i.e., 800, 1000, and 1200 bar, were applied for each
combination of oxygen concentration and combustion
phasing, as shown in Table 6.

Table 5. Constant inlet conditions.

Table 6. Parameter variations

RESULTS AND ANALYSIS
Premixed Fraction

Figure 5. Rate of heat release (RoHR) and Gaussian
profile for different fuels at baseline (CA50 at 3 CAD,
13% O2, and 1000 bar injection pressure) and for ERF

at different inlet O2 concentrations.
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The premixed fraction (PF), a central concept in PPC, is
known to influence both thermodynamic efficiency and
engine-out emissions. For example, a correlation between PF
and engine-out emissions, especially soot, is shown in [23].
The present work examined the effect of fuel composition
and operating conditions on PF.

According to Figure 5, the Gaussian profile follows the
premixed combustion well independently of fuel composition
and operating conditions.

Regression models are used to study fuel effects on PF at
different oxygen concentrations, CA50s, and injection
pressures. The R2 values for the models are shown in
Appendix Tables 1, 2, 3. A model with R2 = 1 explains all
variation in the data while a model with R2 = 0 explains none
of the variation in the data. Generally, the R2 values here are
quite low, indicating that the observations from the models
might be uncertain. However, some exceptions with higher
R2 values are shown in Figure 6, where PF is plotted as a
function of the n-heptane fraction. The trends in PF depend
on the operating conditions for all fuels, but some fuels
display equal trends under given operating conditions. TRF
and PRF have the same trend and slope in PF, while ERF,
TERFcritical, and TERFcp have similar trends and slopes. The
different trends in PF under different operating conditions
indicate that there are interaction effects between fuel
composition and operating conditions. This also means that it
is difficult to draw general conclusions about fuel effects on
PF. For example, it can be concluded that a changed n-

heptane fraction will have a similar impact on PF for ERF
and TERFcritical, but that the impact will differ under different
operating conditions.

Peak Rate of Heat Release (PRoHR)
An important parameter during combustion is the peak rate of
heat release (PRoHR). The fuel composition and derived
parameter influence have been studied here. The predicted
PRoHR is calculated according to Eq. 3. The data matrix
together with the regression coefficients give the predicted
parameter. β0 is a constant term while βCA50, βO2, βPrail, βN,
βT, and βE (shown in red) are linear terms for CA50, inlet O2
concentration, injection pressure, n-heptane, toluene, and
ethanol, respectively. The interaction coefficients (shown in
black) include βNT (interaction between n-heptane and
toluene), βNE (interaction between n-heptane and ethanol),
and βTE (interaction between toluene and ethanol). The
quadratic coefficients (shown in green) include βNN (n-
heptane quadratic), βTT (toluene quadratic), and βEE (ethanol
quadratic). N, T, and E are the volume fractions [%] of n-
heptane, toluene, and ethanol, respectively, while CA50, inlet
oxygen concentration, and injection pressure are presented in
degrees ATDC, volume fraction [%], and bar, respectively.

Figure 6. Premixed fraction as a function of n-heptane for different surrogate mixtures under different operation conditions.
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Equation 3

Figures 7 and 8 show the predicted PRoHR, where the R2 is
0.95 for the entire dataset. The PRoHR has its minimum
circle zone at 5% ethanol and toluene, as shown in Figure 7.
A similar trend was observed under different operating
conditions, but the minimum zone shifts depending on inlet
oxygen concentration and CA50. Reducing inlet O2
concentration shifts the zone to the left, and at late CA50s the
zone is shifted upwards. This behavior is expected because
the chemical reactions occur slowly for a longer period at late
CA50s. The minimum occurs around 5% ethanol and toluene
due to a shorter mixing period and thus a smaller proportion
of premixed combustion.

Furthermore, the PRoHR is sensitive to inlet oxygen
concentration and injection pressure, as shown in Figure 8.
However, the PRoHR was less sensitive to the injection
pressure at the lowest inlet oxygen concentration. This is
because lack of oxygen gives more time for air and fuel to
mix, resulting in a longer ignition delay. On the other hand,
the injection pressure significantly influences PRoHR at the
highest inlet oxygen concentration. This is because the spray
momentum at high injection pressure creates more turbulence
and thus better mixing between air and fuel. Therefore, the
lowest PRoHR is achieved at the lowest level of inlet O2
concentration and injection pressure, while the highest peak
is achieved at the highest level of inlet O2 concentration and
injection pressure.

Figure 8. Peak rate of heat release as a function of inlet
oxygen concentration and injection pressure for TERF
(15% toluene, 10% ethanol, and 40% n-heptane) with

CA50 at 3 CAD ATDC.

Combustion Duration
The combustion duration (CD), defined as CA90-CA10, is
plotted as a function of PRoHR for a sweep in CA50 at three
oxygen concentrations in Figure 9. At all oxygen
concentrations, retarded combustion gave a lower peak rate
of heat release, indicating that the reaction rate during the
most rapid part of the premixed combustion was decaying.
The trend in CD, however, was not consistent for the
different oxygen concentrations. Retarded combustion
phasing gave an increased CD at the lowest oxygen fraction,
while the CD was stable at the medium oxygen concentration
and decreased at the high oxygen concentration. This
observation can be explained by differences between early
and late combustion. From Figure 10 it is evident that
combustion starts later when CA50 is retarded at all oxygen
concentrations, which also means that CA10 is retarded. At
the lowest oxygen concentration, late combustion is slower,
leading to a larger retardation in CA90 than in CA10 as well
as increased CD. At a higher oxygen concentration, the
reaction rate is higher and CA90 is more stable than CA10,
while at the medium oxygen concentration, the retardation in
CA10 and CA90 is about the same.

Figure 7. Peak rate of heat release as a function of fuel composition (toluene, ethanol, and PRF) at baseline (with CA50 at 3
CAD ATDC, 13% O2, and injection pressure at 1000 bar).

Downloaded from SAE International by Hadeel Solaka Aronsson, Monday, May 12, 2014 05:12:40 AM



The fuel effect on CD was studied using a DoE. The
predicted CD was calculated using Eq. 3 and R2 = 0.93. The
results indicate that the maximum CD was found with a 5%
ethanol concentration and toluene concentration as shown in
Figure 11. The CD shortened as ethanol and toluene
concentrations were increased. However, increasing the
nheptane concentration increases the radius of the maximum
zone, which still displays a similar trend. Likewise, the CD as
a function of toluene and ethanol concentrations displayed
similar trends under different operating conditions. The
shorter CD as toluene and ethanol concentrations increased
was due to advanced SOI and thus resulted in a larger
proportion of premixed combustion.

Figure 9. Combustion duration as a function of PRoHR
for different fuels at different inlet O2 concentrations.

Furthermore, the CD shortened as the inlet oxygen
concentration and injection pressure increased, as shown in
Figure 12. Higher oxygen concentration increases the
reaction rate, leading to shorter CDs. Higher injection
pressures give faster fuel and air mixing leading to a larger
proportion of combustible mixture.

Figure 10. Rate of heat release as a function of crank
angle degree for PRF70 at different inlet O2

concentrations for different CA50.
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Figure 11. Combustion duration as a function of fuel
composition at baseline (with CA50 at 3 CAD, 13% O2,

and injection pressure at 1000 bar).

Figure 12. Combustion duration as a function of inlet
oxygen concentration and injection pressure with TERF

(15% toluene, 10% ethanol, and 40% n-heptane).

Emissions
Fuel Effects on Emissions
A higher PRoHR and more advanced CA50 resulted in higher
NOx and lower HC and CO emissions due to a higher
combustion temperature (not shown); similar trends have
previously been observed [15, 16, 24]. The effects of fuel
composition on NOx, CO, and HC emissions are presented in
Figure 13. Increasing the ethanol concentration gave lower
NOx and higher HC and CO emissions. The effect is equally
strong independently of toluene concentration for HC and CO
but weaker at low toluene concentration for NOx.

Increasing the toluene concentration gave more emissions of
NOx, HC, and CO. At a low ethanol concentration, the effect
is stronger for NOx, weaker for HC, and almost nonexistent
for CO. Similar trend was observed at other cases.

It has previously been reported that fuels with aromatics
extend the duration of NOx formation due to local high-
temperature regions with combustion of decomposed
hydrocarbons [25]. HC and CO increased with increasing

ethanol and toluene concentrations, since SOI had to be
advanced to maintain CA50. An earlier SOI places more fuel
in the squish volume, which has less chance to be fully
oxidized because it might be trapped in overly lean zones,
rich zones, or liquid fuel film. Aronsson et al. observed that
during PCCI combustion in an optical engine the squish
volume was a significant source of HC emissions and a
dominant source of CO emissions [16].

Figure 13. Emission index NOx, HC, and CO as a
function of fuel composition at baseline (with CA50 at 6

CAD, 13% O2, and injection pressure at 1000 bar).

The spray target is lowered as the SOI is retarded. Lowering
the spray target will help inject the fuel into the bowl.
However, fuels with higher RONs need to be injected earlier
to achieve the same CA50. It is known that toluene and
ethanol are octane enhancers. As a result, the HC and CO
emissions are higher for a fuel mixture that consists of
toluene, ethanol, or both, see Figure 1 in Appendix. The spray
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divides into two parts if it hits the edge of the squish volume,
one part entering the bowl and the second part ending up in
the squish volume as a liquid film. The amount of the second
part of the spray determines the level of HC and CO
emissions.

Inlet Parameter Effects on Emissions

Figure 14. Emission index NOx as a function of inlet
oxygen concentration, combustion phasing, and

injection pressure with TERF (15% toluene, 10%
ethanol, and 40% n-heptane).

The inlet oxygen concentration significantly influences
emissions, as shown in Figure 14. As the inlet oxygen
concentration is deceased the local combustion temperatures
are lower, leading to substantial increases in HC and CO
emissions. CO and HC emissions are typically higher for PPC
than conventional diesel combustion. The increased HC and
CO emissions in PPC with reduced inlet oxygen

concentrations are believed to be caused by a combination of
a general decay in oxidation rate and an advance SOI which
place a large amount of fuel in the squish volume.

At a lower inlet oxygen concentration, the light components
of the fuel evaporate easily due to longer ID and LTR.
However, heavier components will remain on the combustion
chamber walls. These heavier components evaporate during
the expansion stroke but, due to a shortage of oxygen, their
oxidation reactions suffer [26].

As well as the inlet oxygen concentration, the effect of
injection pressure on emissions was also examined, revealing
that injection pressure did not greatly influence NOx, HC, or
CO emissions.

Smoke Emissions
The smoke emissions were very low, so it was difficult to
create a model using the data obtained from the measurement
experiment. However, smoke values above the threshold for
the AVL415S smoke meter (≥0.01 FSN) were analyzed,
yielding results for 188 of 612 measurement points under
different operating conditions. Ethanol produced very low
levels of smoke, as seen in Figure 15, followed by TRF and
PRF with early combustion phasing. Hence, when retarding
the combustion phasing above 6 CAD ATDC, the smoke
number for TRF increased but still displayed a trend similar
to that of PRF. However the heat release rate for PRF and
TRF are similar with different combustion phasings, as seen
in Figure 16. The increasing smoke number for the TRF
mixture with retarded combustion phasing is perhaps due to
fuel composition. Toluene has double bonding between its
carbon atoms, which requires high energy and higher
temperature to break. One of Azetsu et al.'s [27] findings was
that the flame temperature increases with fuel aromatic
content. The higher flame temperature of the test fuel
containing aromatics is attributed to the higher H/C ratio of
the molecular structure. Increasing the flame temperature,
especially at the upstream location where the fuel
concentration is much higher, increases the local soot
concentration since the soot oxidation rate is hindered by the
insufficient oxygen [28]. At the latest combustion phasing,
the smoke number decreased; as this is due to incomplete
combustion, soot will not form.

In addition, the injection pressure strongly affected the smoke
levels. As the injection pressure increased from 800 to 1200
bar, the smoke levels declined by approximately 0.4 FSN for
TRF fuel. This is because the soot residence time, which is
characterized by the duration between the start of soot
inception and the start of soot oxidation, declines as the
injection pressure increases. The ERF fuel had lower levels of
smoke due to soot oxidation, since this mixture contains
sufficient oxygen.
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Figure 15. Smoke as a function of combustion phasing
for different injection pressures at 13% inlet oxygen

concentration (n-heptane concentration was kept
constant at 40%; toluene 15% and ethanol 10%).

Figure 16. Rate of heat release as a function of crank
angle degree with different combustion phasings, 800

bar injection, pressure, and 13% inlet oxygen
concentration (n-heptane concentration was kept

constant at 40%; toluene 15%).

Efficiencies
Combustion Efficiency
The effects of fuel composition on combustion efficiency
were examined under constant operating conditions. The
highest combustion efficiency was achieved by increasing the
n-heptane concentration in the mixture and the lowest
combustion efficiency was found with the highest
concentrations of ethanol and toluene.

In contrast, combustion phasing and inlet oxygen
concentration strongly affected combustion efficiency. Figure
17 shows combustion efficiency as a function of CA50 and
inlet O2 concentration for different surrogate mixtures.
Generally, high combustion efficiency is achieved at early
CA50s and at high inlet oxygen concentrations. At lower inlet
O2 concentrations, the combustion efficiency is affected more
by changing CA50 than at higher inlet O2 concentrations.
This is because at higher inlet O2 concentrations there is more

oxygen, which helps oxidize the HC and CO and achieve
complete combustion. On the other hand, at lower O2
concentrations, the combustion efficiency is sensitive to
changes in CA50 due to a lack of oxygen, so the combustion
temperature will significantly influence the combustion
efficiency. However, with increasing RON, the combustion
efficiency is more sensitive to CA50 than to inlet oxygen
concentration. This is because high-RON fuels advance the
SOI, placing more fuel in the squish volume.

Figure 17. Combustion efficiency as a function of
combustion phasing and inlet O2 concentration for

different fuels.
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Figure 17. (cont.) Combustion efficiency as a function of
combustion phasing and inlet O2 concentration for

different fuels.

Gross Indicated Efficiency
Besides the combustion efficiency, indicated efficiency was
examined. Unfortunately, it was difficult to predict the
indicated efficiency using DoE. The fuel effect on gross
indicated efficiency was very small. From the measured data
(612 points), it was possible to find fuels and derive
parameter coefficient effects on ɳIndicated, as shown in Table
7. The gross indicated efficiency increased with increasing n-
heptane concentration in the mixture, but decreased with
increasing ethanol concentration. This is due to higher
combustion temperature with increasing n-heptane
concentration because of its high ignition quality. Injection
pressure had no effect on the indicated efficiency; on the
other hand, combustion phasing significantly influenced
ɳIndicated. As expected, retarding the CA50 reduced the
ɳIndicated due to less expansion work. However, increasing the
inlet oxygen concentration increased the indicated efficiency
by making enough oxygen available, resulting in complete

combustion. In addition,  is higher for air than EGR,
which results in higher thermal efficiency.

Table 7. Fuel composition and derived parameter
coefficient effects on gross indicated efficiency.

CONCLUSIONS
Effects on heat release and engine-out emissions were
investigated in a light-duty diesel engine undergoing partially
premixed combustion. A DoE matrix containing 15 fuel

blends was experimentally evaluated with variation in CA50,
injection pressure, and inlet oxygen concentration.

1.  Despite good agreement between a Gaussian profile and
the premixed combustion phase, it was difficult to obtain an
accurate regression model of the proportion of premixed
combustion.

2.  The relationship between PRoHR and combustion
duration depended on the inlet O2 concentration. At the
lowest inlet O2 concentration, the CD decreased as PRoHR
increased, while at a medium O2 concentration, the CD was
insensitive to PRoHR and at highest O2 concentration the CD
increased as the PRoHR increased.

3.  The minimum PRoHR and the maximum CD coincided at
5% toluene and 5% ethanol contents.

4.  As PRoHR increased, HC and CO emissions decreased
while NOx emissions increased due to a higher combustion
temperature.

5.  High-RON fuels produced high HC and CO emissions,
since an early SOI was needed to maintain CA50, placing
more fuel in the squish volume. Fuel placed in the squish
volume has less chance to be fully oxidized, since it can be
trapped in overly lean zones, rich zones, or as fuel film on the
piston top or cylinder head.

6.  Lower inlet O2 concentrations gave more HC and CO
emissions for the same reason as above in combination with a
general decay in oxidation rate.

7.  The smoke levels were near zero in much of the
experiment, leading to a poor general regression model.
However, some observations of the smoke level were still
made. High levels of n-heptane increased the smoke level
while ethanol decreased it. Smoke was lowest at the highest
O2 levels, which were connected to stronger soot oxidation.
The smoke level decreased with increasing injection pressure.

FUTURE WORK
A dataset consisting of 612 PPC engine experiments using
different mixtures of n-heptane, isooctane, toluene and
ethanol has been produced for future kinetics modeling.
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DEFINITIONS/ABBREVIATIONS
ATDC - After top dead center
CAD - Crank angle degree
CA50 - Crank angle at 50% completion of heat release
CD - Combustion duration
CN - Cetane number
DoE - Design of experiment
EGR - Exhaust gas recirculation
ERF - Primary reference fuel with ethanol
ID - Ignition delay
IMEPg - Indicated mean effective pressure, gross

LTR - Low temperature reaction
MON - Motor octane number
NOx - Nitrogen oxides, i.e., NO and NO2

ON - Octane number
PF - Premixed fraction
PM - Particulate matter
PRoHR - Peak rate of heat release
PRF - Primary reference fuel
RON - Research octane number
SOC - Start of combustion
SOI - Start of injection
TDC - Top dead center
TERFcp - Primary reference fuel with toluene and ethanol,
center point
TERFcritical - Primary reference fuel with toluene and
ethanol, critical point
TRF - Primary reference fuel with toluene
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Table 1. R2 for premixed fraction at 11% O2 at different CA50s and injection pressures.

Table 2. R2 for premixed fraction at 13% O2 at different CA50s and injection pressures.

Table 3. R2 for premixed fraction at 15% O2 at different CA50s and injection pressures.

APPENDIX
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The predicted PoRoHR, CD, NOx, HC, CO and Combustion efficiency is calculated according to Equation 3 and Table 4 in
Appendix. The data matrix (dataset) together with the regression coefficients give the predicted parameter. β0 is a constant term while
βCA50, βO2, βPrail, βN, βT, and βE (shown in red) are linear terms for CA50, inlet O2 concentration, injection pressure, n-heptane,
toluene, and ethanol, respectively. The interaction coefficients (shown in black) include βNT (interaction between n-heptane and
toluene), βNE (interaction between n-heptane and ethanol), and βTE (interaction between toluene and ethanol). The quadratic
coefficients (shown in green) include βNN (n-heptane quadratic), βTT (toluene quadratic), and βEE (ethanol quadratic). N, T, and E are
the volume fractions [%] of n-heptane, toluene, and ethanol, respectively, while CA50, inlet oxygen concentration, and injection
pressure are presented in degrees ATDC, volume fraction [%], and bar, respectively.

Table 4. Regression coefficients.
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High-RON fuels produced high HC and CO emissions, since an early SOI was needed to maintain CA50, placing more fuel in the
squish volume, see Figure 1. Fuel placed in the squish volume has less chance to be fully oxidized, since it can be trapped in overly
lean zones, rich zones, or as fuel film on the piston top or cylinder head.

Figure 1. HC emission as a function of start of injection for three different RON values at different inlet oxygen concentrations.
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Abstract
Gasoline fuels are complex mixtures which consist of more 
than 200 different hydrocarbon species. In order to decrease 
the chemical and physical complexity, oxygenated surrogate 
components were used to enhance the fundamental 
understanding of partially premixed combustion (PPC). The 
ignition quality of a fuel is measured by octane number. There 
are two methods to measure the octane number: research 
octane number (RON) and motor octane number (MON). In 
this paper, RON and MON were measured for a matrix of 
n-heptane, isooctane, toluene, and ethanol (TERF) blends 
spanning a wide range of octane number between 60.6 and 
97. First, regression models were created to derive RON and 
MON for TERF blends. The models were validated using the 
standard octane test for 17 TERF blends. Second, three 
different TERF blends with an ignition delay (ID) of 8 degrees 

regression model. This was done to examine the model 
accuracy for ID and study fuel composition effect on 
combustion events and emissions.

The results showed a good agreement between predicted and 
tested RON and MON with an accuracy of ±0.6. The model 
also had high accuracy during extrapolation for some fuel 
blends. For toluene and reference fuel blend (TRF) the model 
was more accurate for MON than for RON, while the situation 
was the opposite for ethanol and reference fuel blend (ERF) 
i.e. the model worked better for RON than for MON during 
extrapolation. The ignition delay was similar for all three TERF 
blends despite the differences in their composition. However, 
high concentration of toluene resulted in higher levels of HC, 
NOx, and smoke emissions.

Introduction
Automotive gasoline contains about 200 different hydrocarbons 
compounds. The concentrations of the compounds vary 

distribution consists of alkanes, alkenes, isoalkanes, 
cycloalkanes, cycloalkenes, and aromatics. Gasoline can vary 
widely in composition: even those with the same octane 
number may be quite different, not only in the physical 
properties, but also in the molecular structure of the 
components [1].

Performance and quality of an automotive gasoline is 
determined by its resistance to knock. The antiknock quality of 
the fuel limits the power and economy for SI-engine using that 
fuel. The higher the antiknock quality of the fuel is the more the 

of the gasoline fuel is measured by the octane number. Octane 
numbers are obtained by two methods: those obtained by the 

D-2699 and ASTM D-2722). Those obtained by second method 
called motor octane number (MON) (ASTM D-2700 and ASTM 
D-2723). Gasoline octane numbers are not blends linearly thus 
are measured because their blending behavior is dependent 
on the other components that are present in the blend. 

gasoline. Generally, engines in vehicles differ broadly in the 
way they respond to octane parameters and the level of octane 
quality they require. There are even large variations between 
different cars of the same model. This means that in order to 

necessary to test at least a dozen of examples [2]. 
Manufacturing gasoline with different octane qualities are 
costly and time consuming. Therefore many researchers have 
developed surrogate fuels to represent gasoline combustion 
behavior in chemical kinetic simulation, optical studies, and 
CFD [3, 4, 5].

The simplest surrogate fuels for gasoline consist of single 
components. For example: isooctane is often used to represent 
gasoline, especially in optical studies, CFD, and chemical 
kinetic simulations [6, 7] because of its high octane number, 
and compared to gasoline, relatively simple fuel chemistry. On 
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the other hand, n-heptane is often used to represent diesel fuel 
due to its low octane number (high cetane number). Normally, 
blends of iso-octane and n-heptane, which are primary 
reference fuels (PRF), are used to represent gasoline fuel with 
different octane numbers [8]. Researchers have presented 
studies about surrogate fuels that describe possible 
components and classifying their importance [4]. These studies 
suggested three necessary components for gasoline 
surrogates: n-heptane, isooctane and toluene. Toluene is 
typically the most representative of the aromatic compound in 
gasoline. Recently ethanol is considered to be used in 
surrogate fuels due to recent increase in the use of ethanol in 
USA and Europe. The reason to introduce toluene and ethanol 
to PRF fuel as surrogate is that the sensitivity of any PRF fuel, 
unlike commercial gasoline, is zero. The sensitivity of a fuel is 
obtained as

(1)

Generally, the linear by volume (LbV) method is used to 
calculate RON and MON for any PRF fuel. This is a sum of the 
contribution of the two components weighted by their volume 
fractions, the equation can be written as

(2)

Where N and I N) and 
isooctane (I) and are equal to 0 and 100. Where xN and xI are 
the volume fractions of n-heptane and isooctane respectively.

There is a direct link between fuel composition and RON value 
for PRF fuels. However, with blends of n-heptane, isooctane, 
and toluene (TRF), n-heptane, isooctane, and ethanol (ERF), 
and n-heptane, isooctane, ethanol, and toluene (TERF), no 
such link exists. The octane numbers (ON) change in a 
nonlinear correlation by adding ethanol or toluene to any PRF. 
This makes it impossible to determine and estimate the RON 
or MON value for TRF, ERF, and TERF blends using the LbV 
method, and it is time consuming and costly to send a fuel to 
be tested according to ASTM methods. Many researchers and 
modelers ask the same question; if it is possible to re-create 
RON and MON for a gasoline fuel using surrogate fuel. In order 

determine RON and MON.

Primarily this investigation address the problem using a 
regression model from design of experiment (DoE) to map the 
n-heptane, toluene, ethanol, and isooctane space with respect 
to RON and MON. The model will allow estimation of RON and 
MON for any TRF, ERF, and TERF surrogate and/or determine 
the required blend for achieving a fuel with a desired RON and 

Also it is interesting to remark that RON and MON are two 
characteristics that nowadays are widely used also for the CI 
engine community. Secondly, the relation between ignition 
delay and RON is examined. From previous studies it is known 
that fuels with the same RON value have similar ignition delays 

in PPC [9]. The objective is to investigate if fuels with the same 
ignition delay (with different composition) will have similar RON 
values. Finally, the possibility to control the combustion events 

compositions is examined.

Surrogate Fuels Selection Methodology

Component and Concentration Selections
The motivation for the selection of the components and 
concentration for the surrogate fuel is to mimic gasoline fuels. 

aromatic component in gasoline. Recently ethanol is blended 
into most gasoline at a concentration of 10% by volume in 
United State and at a concentration of 5% in European Union 
[10]. Isooctane and n-heptane are also important components 
for controlling the octane rating.

Therefore, for the primary investigation two design of 
experiment fuel matrices from previous studies [11, 12, 13] are 
combined. This allows expanding the RON and MON space 
with different combinations of surrogate fuel compositions.

These studies showed that ethanol octane blending is more 
sensitive in relations to RON than toluene [11]. Therefore, the 
selections of fuels for the rest of the investigations are based 
on the ratio between toluene to ethanol.

Fuel Properties
The fuels used in this investigation are blends of n-heptane, 
isooctane, toluene, and ethanol. Fuel properties are presented 
in Table 1. These fuels were blended in volume fraction to 
create surrogate fuels. The fuels were individually tested 
according to ASTDM to determine the values of RON and 
MON. The stoichiometric air/fuel ratio and lower heating value 
were calculated based on the C:H:O ratio of each blend.

found in [11, 12, 13]. Fuel properties for the remaining part of 
the investigation are presented in Table 2.

Table 1. Fuel specifications.

Table 2 shows fuel properties for the second part of the 
investigation. N, T, E, and I are abbreviations for n-heptane, 
toluene, ethanol, and isooctane, respectively. These fuels were 
prepared that the ratios of toluene/ethanol (T/E) are: 3, 0.75, 
and 0. The choice of these ratios is due to: higher sensitivity of 
ethanol than toluene, their predicated ignition delay were 

Downloaded from SAE International by Hadeel Solaka Aronsson, Monday, May 12, 2014 05:14:35 AM



ATDC, Prail 2
model for ignition delay is reliable during that range.

Table 2. Fuel composition and octane rating.

Fuel Design
Thirty blends of oxygenated surrogate fuels were created 
according to a design of experiment method. The central 
composite two-level full-factorial design used, in which axes 
are drawn through the center of the cube and the axial points 
are located on the face of the cube [14], is shown in Figure 1.

Isooctane levels were chosen to model gasoline fuel over a 
wide ignition-quality range. The isooctane contents of the 
blends were calculated according to Eq. 3,

(3)

Where CI is the volume percentage of isooctane in the blend, 
and CN, CT, and CE are the volume percentages of n-heptane, 
toluene, and ethanol in the blend, respectively.

Figure 1. A central composite two-level full factorial design for test 
matrix 1 and 2.

The two test matrices consisted of 15 fuel blends each. The 
number of experiments can be described for each cube as 2k 

-p+ 2k + cp, where k is the number of studied variables, p is the 
cp is the 

number of center points. The center point was replicated three 
times, meaning that test matrix consisted of 17, i.e., 23 + (2 × 
3) + 3, set point combinations as seen in Figure 1.

Experimental

Test Methodology
Fuel blends were prepared by determining the volume fraction 
for each component required achieving the desired blend at a 
temperature of 295 K. RON and MON were measured 
according to ASTM D2699 and D2700 standard methods. The 
accuracy of RON and MON was about ±0.2. Beside the fuel 
matrices from authors' research facility [11, 13], another three 
test matrices were prepared to validate the regression models 
of RON and MON presented in this work. These test matrices 
were prepared to design fuels either with same sensitivity but 
different RONs and/or fuels with same RON but with different 
sensitivities as seen in Figure 2. This allows studying fuels at 
broader range and understanding fuel composition 
concentration effect on RON and MON.

In a previous study by the authors [11] a regression model was 
used to predict the ignition delay for surrogate fuel blend. In 
this study, the ignition delay model is validated using three 
fuels (with different compositions) of an ID of 8 degrees. These 
fuels were prepared with the ratios of toluene/ethanol to: 3, 
0.75, and 0 as seen in Table 2. The choice of these ratios is 
due to the higher sensitivity of RON for ethanol blends than 
toluene blends. From a previous study, it is known that similar 
RON results in similar ignition delay [9]. Therefore in this work, 
the statement is reversed and the question becomes: Do fuels 
with similar ignition delay have similar RON? By applying a 
constant ignition delay the fuel composition effect on 
combustion event and emissions can be investigated.

Thirty liters of each mixture was prepared for fuel-line cleaning 
and test execution. The fuels were tested under identical 
operating conditions as presented in Table 3. To prevent 
damage to the injection system, 100 ppm of the lubricity 
additive  was added to each fuel mixture. The 
impact of such a small amount of additive on combustion 
phasing and emission formation is expected to be negligible.

Figure 2. The test matrices for ERF (blue square markers), TRF and 
TERF mixtures for different RONs and sensitivities.
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Table 3. Operating conditions.

Table 4. Engine specifications.

Test Cell

diesel engine operated on one cylinder. The engine and 
Table 4. The engine test rig 

was equipped with an adjustable EGR system and adjustable 
heating for varying the inlet air temperature.

Smoke emissions were measured using an AVL415S smoke 
meter, while NOx, HC, exhaust CO2, CO, and intake CO2 
emissions were measured using a Horiba MEXA9200DF 
measurement system. NOx emissions were measured using a 
chemiluminescence analyzer, whereas HC was measured 

analyzer was heated to approximately 191°C to prevent 
condensation of unburned fuel components. Inlet and exhaust 
oxygen (O2) were measured using a magneto-pneumatic 
condenser microphone method (MPA), whereas CO, intake 
CO2, and exhaust CO2 were measured using infrared 
analyzers. The inlet oxygen concentration was measured using 
a Horiba measurement system. The oxygen concentration in 
the intake manifold was controlled by a valve that regulates the 
amount of exhaust gas recirculation (EGR) entered the intake 
system.

Heat Release Characteristics
From the calculated rate of heat release, information about the 
combustion events can be extracted. The heat losses are 
included in the rate heat release calculation using the Woschni 
model. The combustion events are divided into four phases; 
ignition delay (ID), low temperature reaction (LTR), premixed 
fraction and late mixing controlled combustion phases as seen 
in Figure 3.

Figure 3. Typical PPC heat release diagram identifying different PPC 
combustion phases at 8 bar IMEPg.

The ignition delay is the period between the start of injection 
(SOI) and the start of combustion (SOC) as shown in Figure 3. 

the evolution of the pressure gradient in the common rail (not 

where the rate of heat release returns to zero after the negative 
period. When the fuel is injected into the combustion chamber 
the gas temperature decreases due to fuel evaporation, 
showing the negative rate of heat release. The point where the 
rate of heat release returns to zero establishes the start of 
combustion and/or the start of low temperature reaction (LTR).

In order to separate the phases (LTR phase and premixed 

15 J/CAD and the actual peak. Different values for the 
threshold have been tested but with very small impact on the 
LTR phase. The rate of heat release is then subtracted from 

and the threshold point is used as a measure of the LTR 
fraction.

(4)

In Equation (4) x0 is the central position of the peak, h and  

respectively.

Results and Discussion

Fitting Responses
Quadratic regression models were used to map RON and 
MON for the oxygenated surrogate gasoline fuels. Each 

fuels) generated previously at the authors' research facility [11, 
13]. Later the modeled RON and MON were calculated 
according to equations 5.
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where  is a constant and ,  and 
interaction, and quadratic terms, respectively, and are 

model are shown in Table B in the Appendix. XN, XT, and XE 
are fuel concentration in volume fraction for n-heptane, 
toluene, and ethanol, respectively.

As seen in  the modeled RON values are presented in 
solid, dash-dotted, and dotted lines, while the measured RON 
values are presented as x-markers. The different line styles 
represent the different concentrations of n-heptane. The curves 

R2 for RON is 0.999 and 
for MON is 0.997. It should be noted that the regression model 
for a response is based on the whole data set (34 data points) 

R2 
R2

is between 0 and 1, where a value of 1 corresponds to a 

Figure 4 shows the modeled RON as a function of ethanol and 
toluene. Measured RON values are shown as a reference. 
Figure 5 shows the modeled RON and MON versus the 
measured RON and MON. It can be observed that residuals 
are normally distributed and equally scattered around the 

R2 is equal to 0.99 for 

model.

However, the simplest mixing model is the LbV model. This is 
simply a sum of the contributions of the four components 
weighted by their volume fractions, denoted X. Equation 2 can 
be re-written as

Where the N), 
toluene (T), ethanol (E) and isooctane (I) and are equal to 0, 
120, 107 and 100 respectively. The LbV models lack the ability 
to predict RON for a mixture consisting of all four components 
due to the non-linear behavior of toluene and ethanol blends. 
For example; if the Xn is 40%, XT is 15%, XE is 10% and XI is 
35%, the predicted RON from LbV is 63.7 and from quadratic 
regression model is 72.26, while the measured RON is 72.2.

The RON slope as a function of ethanol is steeper than toluene 
as seen in Figure 4. It could be noticed that increasing ethanol 
or toluene concentration the RON value increases but it is 
stronger for ethanol. It is worth mentioning that while increasing 
the ethanol or toluene concentration the isooctane 
concentration decreases.

Comparing ERF, TRF and TERF at the same n-heptane 
concentration some statement can be made:

• 
• The slope for TERF and ERF are similar and steeper than 

for TRF.

However, increasing n-heptane concentration decreases RON 
value for any surrogate mixture.

Figure 4. Modeled RON (solid, dash-dots and dotted lines) as a 
function of ethanol and toluene. Measured RON values are shown as a 
reference.

Figure 5. Predicted RON and MON versus tested RON and MON.

Model Validation
The quadratic regression models are used to model the 
sensitivity and RON values for three test matrices of ERF, 
TRF, and TERF as shown in Figure 2. In this case, it is 
possible to choose the composition of a mixture with a 
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MON for all seventeen fuels were measured as well to validate 
the accuracy of the model. The fuel composition, RON, and 
MON modeled and measured for the three test matrices are 
shown in Table A in the Appendix.

Figure 6 and 7 show the modeled RON from the quadratic 
regression model and the validated RON for the chosen fuel 
blends as shown in Figure 2. Figure 5 shows the accuracy of 
the regression model for the modeled RON as black x-markers 
and the validated RON (measured) as red o-markers for 
different surrogate fuels. Extrapolation was used in the 
regression model to achieve the desired sensitivity for the ERF 
and TRF mixtures. TRF mixtures have the mildest incline in 
comparison to TERF and ERF, with the latest having the 
steepest incline.

Figure 6. Predicted RON (solid, dash-dots and dotted line), desired 
predicted RON (x-markers) and tested RON (o-markers) for ERF, TRF 
and TERF.

In contrary to predicted RON, the predicted MON value for 
extrapolated sensitivity of ERF mixture did not show a good 
agreement with the tested MON value. The predicted MON 
value of 84.3 for the sensitivity of ERF mixture did not show a 
good agreement with the tested MON value of 78.7 as shown 
in Figure 6. This is due to using extrapolation outside the DoE 
limit which is 20% in volume for ethanol and 30% in volume for 

toluene. On other hand, the predicted MON values for the rest 
of the ERF, TRF, and TERF showed good agreement with the 
validated/tested MON. However, in order to strengthen the 
regression model, the RON and MON of seventeen fuels were 
added to the models. This decreased the error using the 
extrapolation method for ERF mixtures to predict MON value. 

presented in Table B in the Appendix.

Figure 7. Model validation for predicted RON/MON versus tested RON/
MON.

Figure 8. The predicted sensitivity of ethanol and toluene blends as a 
function of n-heptane.

According to Figure 8, the sensitivity (S) effect of ethanol 
differs from that of toluene, shown as function of n-heptane 
concentration. The sensitivity of ethanol blends decreases as 
n-heptane concentration increases and isooctane decreases. 
By increasing ethanol concentration, the sensitivity of a blend 
increases. However, looking at E10 (fuel containing 10 vol.% of 
ethanol), the blend sensitivity decreases as n-heptane 
increases, until it reaches a minimum value around 30 vol.% of 
n-heptane and starts to increase again. At low ethanol 
concentration, the sensitivity of a blend is less sensitive to the 
change in the n-heptane and isooctane concentrations. As 
opposite to ethanol, the sensitivities of toluene blends were 
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less sensitive to the change in the n-heptane and isooctane 
concentrations. Though, at low toluene concentration such as 
T10 to T30, the sensitivity of the blend is increased as 
n-heptane concentration is increased and isooctane 
decreased.

Fuel Composition Effects at Similar ID
The ID was predicted with a length of about 8 degrees using a 
regression model from previous study by the authors [11]. This 
was achieved for three surrogate mixtures with T/E ratio of 0, 
0.75 and 3 at constant operating conditions. The fuel properties 
are presented in Table 2. Previous works have shown that 
similar RON resulted in similar ID [9]. However, in this work the 

composition. This showed that with similar ID similar RON was 
attained as seen in Table 2. The RON and MON value were 
predicted using equation 5 with the latest regression 

Table B in the Appendix. With similar ID and RON value it will 
be easier to see fuel composition effect on combustion events 
and emissions.

Fuel Composition Effect on Combustion Process
The combustion phasing (CA50) was varied at 3, 6, 8, and 12 
degrees for the three surrogate fuels. According to Figure 9, 
the ignition delays for the three surrogate fuels are similar. This 
proves that the regression model from previous study is 
reliable. It can also be concluded that fuel composition with 

Figure 10 shows the low temperature reaction (LTR) fraction as 
a function of start of injection (SOI). The LTR fraction is 
described as the total area between the start of combustion 
(SOC) and end of LTR to the total accumulative heat release. 
The LTR fraction is not affected by fuel composition. In 
previous study by the authors [11] showed that there is a 
relation between ID and LTR fraction.

Figure 9. Ignition delay as a function of SOI for the three surrogate 
mixtures.

The ID and LTR fraction decrease as the SOI is retarded since 
the in-cylinder temperature is higher closer to top dead center 

Figure 9
later SOI in Figure 10 do not follow the trend of the other fuels 

exactly. This difference comes, partly from the coarse 
resolution of the pressure trace, 0.2 CAD, which limits the 
accuracy of SOI, SOC, and end of LTR.

Figure 10. LTR as a function of SOI for the three surrogate mixtures.

Figure 11 shows the combustion duration (CD) as a function of 
SOI. The CD is the difference between CA90 and CA10. It can 

combustion duration. However, the combustion duration for all 
fuels is insensitive to the retardation in combustion phasing, 
except at the latest combustion phasing where the combustion 
duration increases. This increment is due to the slower 
diffusion controlled combustion and thus prolonged CD.

Figure 11. Combustion duration as a function of SOI for the three 
surrogate mixtures.

Figure 12. Rate of heat release as a function of crank angle degree for 
the three surrogate mixtures.

At constant operating conditions, the surrogate fuels have 
similar heat release rates as shown in Figure 12. Despite the 
differences between the surrogate fuel compositions, the 
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combustion events are similar for all fuels. This leads us to the 
conclusion that the fuel composition does not affect the 
combustion event, if the fuels have similar RON and ID.

Comparing the three surrogate fuels, some statement can be 
made; 

• Fuels with similar ID have similar RON 
• The combustion events in PPC are controlled by ID and 

RON of a fuel rather than the fuel composition.

Fuel Composition Effect on Emissions
Figure 13 shows emissions as function of combustion phasing. 

impact on emissions. Increasing the ratio of toluene to ethanol 
(T/E), increase the emissions of NOx, smoke and HC. It has 
previously been reported that fuels with aromatics extend the 
duration of NOx formation due to local high-temperature 
regions with combustion of decomposed hydrocarbons [15]. 
Also, it is known that increasing aromatics content in the fuel 
leads an increased production of soot [16, 17]. However, the 
smoke levels are in general below the detecting limit of 0.01 
FSN of the AVL smoke meter. The smoke values shown in 
Figure 13 are a mean value of three recording points at each 
CA50. It is worth mentioning that the NOx and smoke 
emissions are below Euro 6 emission levels.

The trend of increasing the ratio of T/E is clear with HC 
emissions. Increasing the toluene concentration in the blend 
resulted in an increment in HC emissions [16]. However, CO 
emissions were not affected by the fuel composition.

Figure 13.

Figure 13. (cont.) Emissions as a function of CA50 for the three 
surrogate mixtures.

Summary/Conclusions
Quadratic regression models were used to map RON and 
MON for oxygenated surrogate gasoline fuels. Also, the blends 
for three different TERFs, all with an ignition delay of 8 degrees 

third quadratic regression model. This was done to separate 
the fuel composition effects from ignition quality effects on 
combustion events and emissions. 

1. The quadratic regression model was shown to be more 
accurate than the linear by volume equation for determining 
RON and MON for oxygenated surrogate fuels. 

2. RON was increased by increasing the concentrations of 
toluene and ethanol, and thus reducing concentration of 
isooctane. 

3. The fuel sensitivity of ethanol blends were affected by the 
fraction of n-heptane and isooctane. The same was true for 
the sensitivity of toluene blends, however not to the same 
extent. 

4. It was possible to predict the ignition delay accurately, using 
the quadratic regression model. 

5. Similar ignition delays of fuels, independent of the fuel 
composition, gave similar RON values. 

6. For a similar RON value the fuel composition did not have 

constant ID, giving identical RoHR. 
7. RON and ID are key factors to control the combustion 

process in PPC. 
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8. The fuel composition at a constant ID was important for 
NOx, smoke, and HC emissions. Higher concentrations of 
toluene gave higher levels of these emissions. 

9. The CO emissions were insensitive to the fuel composition.
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Definitions/Abbreviations
ATDC - After top dead center

CA50 - Crank angle at 50% completion of heat release

CAD - Crank angle degree

CD - Combustion duration

DoE - Design of experiment

E - Ethanol

E10 - 10 vol.% ethanol concentration

ERF - Ethanol and primary reference fuel

I - Isooctane

ID - Ignition delay

LTR - Low temperature reaction

MON - Motor octane number

N - n-heptane

PPC - Partially premixed combustion

RoHR - Rate of heat release
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RON - Research octane number

S
SOC - Start of combustion

SOI - Start of injection

T - Toluene

T10 - 10 vol.% toluene concentration

TERF - Toluene, ethanol and primary reference fuel

TRF - Toluene and primary reference fuel
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APPENDIX

In Table A, the RON and MON values were predicted using the quadratic regression model (with 34 data points). Later, these blends 
were sent to testing of their RON and MON, in order to validate the accuracy of the model.

Table A. Predicted RON, MON, and S and tested RON, MON, and S for the seventeen surrogate fuels.

In Table B

Where ,  and 
quadratic terms, respectively. XN, XT, and XE are fuel concentration in volume fraction for n-heptane, toluene and ethanol, respectively 
and the remaining is isooctane. For example: if XN XT XE
blend, and thus the RON and MON are 69.39 and 66.96, respectively.

Table B. Quadratic regression coefficients for modeling RON and MON.
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Abstract 

The current research focus on fuel effects on low temperature 
reactions (LTR) in Homogeneous Charge Compression Ignition 
(HCCI) and Partially Premixed Combustion (PPC). LTR result 
in a first stage of heat release with decreasing reaction rate at 
increasing temperature. This makes LTR important for the 
onset of the main combustion. However, auto-ignition is also 
affected by other parameters and all fuel does not exhibit LTR. 
Moreover, the LTR does not only depend on fuel type but also 
on engine conditions. This research aims to understand how 
fuel composition affects LTR in each type of combustion mode 
and to determine the relative importance of chemical and 
physical fuel properties for PPC. For HCCI the chemical 
properties are expected to dominate over physical properties, 
since vaporization and mixing are completed far before start of 
combustion. The HCCI experiments were carried out in a Co-
operative Fuel Research (CFR) engine, while the PPC 
experiments were carried out in a single cylinder high speed 
direct injected (HSPDI) diesel engine. A Gaussian profile was 
fitted to the data and used to determine the fraction of LTR for 
each type of combustion. The fuels used in this study are 
blends of ethanol, n-heptane, and isooctane (ERF), blends of 
toluene, n-heptane, and isooctane (TRF), and blends of 
toluene, ethanol, n-heptane and isooctane (TERF). The 
fractions of ethanol and toluene were varied at three levels to 
examine the influence on LTR for both HCCI and PPC. The 
result showed that increasing ethanol and toluene 
concentration in the ERF and TERF blends increases the LTR 
fraction in PPC while they decreased the LTR fraction for HCCI 
combustion. Ethanol had a stronger impact than toluene. 
Increasing isooctane and decreasing n-heptane concentration 
increased the LTR fraction for PPC while it decreased LTR 
fraction for HCCI. The lack of agreement between fuel effects 
in PPC and HCCI indicate that the processes behind LTR are 
more complex in PPC than in HCCI. It is not certain that a fuel 
with more pronounced chemical prerequisites for LTR will 
produce more LTR. The strong relation between LTR and ID 
for PPC indicate that the ignition quality is central for the 
fraction of LTR in PPC. 

Introduction 

In response to the strict legislation on engine-out emissions, 
especially on particulate matter (PM) and nitrogen oxides (NO 
and NO2, here combines as NOx), new strategies for 
combustion have been developed. Overall, these strategies 
can be classified into a group called Low Temperature 
Combustion (LTC). These strategies, such as Homogeneous 
Charge Compression Ignition (HCCI) [1-3], Premixed Charge 
Compression Ignition (PCCI) [4], Reactivity Controlled 
Compression Ignition (RCCI) [5], and Partially Premixed 
Combustion (PPC) [6-10], are used to reduce NOx and PM and 
have historically been very sensitive to fuel chemistry. 

The main advantage of these combustion strategies is low 
levels of engine out soot and NOx. The common method for 
some of the strategies is to use high levels of cooled EGR, 
which increase heat capacity, resulting in a reduced 
combustion temperature, avoiding zones with high production 
of soot and NOx. The EGR also slows down the kinetic 
reactions which results in a greater amount of fuel and air 
being premixed before ignition.  

One of the challenges of HCCI combustion is control of 
combustion. The difficulty lies in controlling the auto-ignition 
phenomena. This is due to variation in temperature and fuel 
composition. Each fuel component has its specific auto-ignition 
temperature. Therefore, the combustion with diesel or gasoline 
fuel, which can contain hundreds to thousands of components, 
in an HCCI engine is difficult to explain and predict. However, 
there are some methods to control combustion such as varying 
the inlet temperature, compression ratio or to use dual fuel in 
which the two fuels have very different auto-ignition 
temperatures. Since gasoline has a higher resistance to auto-
ignition compared to diesel fuel, it provides more time for 
mixing, and thus producing a higher fraction of premixed 
combustion. Using both EGR and gasoline fuels with high 
octane number further extends the time for pre-mixing. 
However, there is a drawback of using gasoline fuel: due to the 
high RON value a limitation at lower loads is present. Fuel 
effects on the combustion process are dependent of the course 
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of events in the early stages, i.e. mixing period, ignition delay, 
and low temperature reaction phase (LTR). Therefore, 
understanding fuel effects on these properties is critical to 
understand fuel effects on PPC. 

A well-known phenomenon in HCCI combustion are the low 
temperature reactions (LTR), which is seen by a characteristic 
initial bump in the rate of heat release. This bump occurs 
before the main rate of heat release. Low temperature 
reactions depend both on fuel composition and gas 
temperature in the cylinder. Tanaka [13] indicates that in HCCI, 
the oxidation mechanism of hydrocarbons is initiated by 
abstraction of an H atom from a fuel molecule (RH) by O2 to 
form an alkyl radical R• and HO2•. At low temperatures, the 
LTR addition of R•+O2 to form RO2• then initiates a highly 
exothermic cycle that produces H2O and an alkylperoxide. This 
continues until the temperature has reached a value where 
competing reactions starts to produce H2O2 and olefins. This 
intermediate stage occurs between the low temperature heat 
release and the high temperature heat release, and is referred 
to as intermediate temperature heat release (ITHR) [14]. The 
temperature then gradually increases until H2O2 decomposes 
leading to a branched thermal explosion. Fuel containing 
significant amounts of n-paraffin, such as n-heptane, exhibit a 
large low temperature reaction fraction [11,12]. LTR is also 
present in combustion of most diesel fuels. Christensen et al. 
[15] noted that LTR appears for HCCI type operation with 
gasoline-like fuels with an octane number lower than 83, while 
Bunting et al. [16] observed that diesel-like fuels or high cetane 
number fuels exhibit LTR, but no LTR was detected with a 
cetane number lower than 34. 

In [17], Shibata et al. concluded that the structure of the 
hydrocarbons is strongly related to the LTR. They mention that 
aromatics, olefins and some naphthenes have a mechanism 
that reduces the LTR. In [18] Shibata et al. noted that a small 
change in chemical composition can change the HCCI 
combustion characteristics, such as the amount and phasing of 
LTR. Ethanol and toluene have a quenching effect on LTR and 
it is strongest for ethanol [19]. 
 
Fuel effects on ignition delay have been studied previously for 
diesel combustion, Homogenous Charge Compression 
Ignition, and Partially Premixed combustion. The ignition delay 
plays an important role in partially premixed combustion. 
Achieving the desired premixed combustion requires 
increasing the mixing of the fuel and air prior to ignition. The 
ignition delay depends on both physical and chemical 
processes. The physical delay is when the fuel is injected, 
droplet evaporates, mixes with air and are heated up to the 
auto ignition temperature [20], while the chemical delay takes 
place after the contact has been made between fuel and 
oxygen. This engages kinetics of chemical reactions, which 
form free radicals and other intermediates that are necessary 
for ignition [20,21]. 
 
The authors have studied fuel effects on LTR in PPC 
previously [22]. It was observed that a higher octane number 
fuel had a longer ignition delay. Higher n-paraffin content 
resulted in a shorter ignition delay and a smaller LTR phase. A 
relationship between ignition delay and LTR was also found, 
where a longer ignition delay resulted in higher LTR. It was 
also seen that, for the same ignition delay and RON values, 

independent of fuel composition, the LTR phase was the same 
[23].  
 
This research study seeks to understand the connection 
between fuel property effects on LTR in PPC and HCCI 
combustion. One part in this is understanding the different 
effects of ethanol and toluene on LTR phase in both 
combustion modes.  
 
Surrogate fuels selection methodology 

Fuel properties 
Fuels used in this investigation are blends of n-heptane, 
isooctane, toluene, and ethanol. Fuel properties are listed in 
Table 1. These fuels were blended in volume fraction to create 
the surrogate fuels. The fuels were individually tested 
according to DIN EN ISO 5164 standard (RON), and DIN EN 
ISO 5163 standard (MON) to determine the values of RON and 
MON, respectively. The stoichiometric air/fuel ratio and lower 
heating value were calculated based on the C:H:O ratio of 
each blend.  

Table 1. Fuel properties. 

Fuels properties n-Heptane Toluene Ethanol Isooctane 
RON 0 120 107 100 
MON 0 109 89 100 
Auto-ignition temperature [oC] 203.85 529  425 411 

Molecular formula  C7H16 C7H8 C2H6O C8H18 
Molar mass [g/mol] 100.23 92.15   46.07 114.26 
Density [kg/m3] 679.5 866.9 789 688 

Boiling point [oC] 98 110.6 78.5 99 

 
Component and concentration selections 
 
The components and concentrations for the surrogate fuels 
were selected for fuels to have gasoline-like properties. Eight 
fuels from the PPC and HCCI test matrices were chosen to 
compare the composition effects in both types of combustion. 
The compositions and octane values of these fuels are found 
in Tables 2 to 3. Table 2 shows fuel specifications for PPC and 
HCCI operation, where both n-heptane and toluene 
concentration were kept constant, while ethanol concentration 
increased from 0 to 10 vol.% for PPC, and from 5 to 20 vol.% 
for HCCI. Table 3 shows fuel specifications where n-heptane 
and ethanol concentration were kept constant, while toluene 
concentration increased from 0 to 15 vol.% for PPC and from 
10 to 30 vol.% for HCCI. In all cases, as the concentration of 
ethanol or toluene increased, the concentration of isooctane 
correspondingly decreased. Table 4 shows primary reference 
fuels (PRF) that are used for both PPC and HCCI combustion.  

Table 2. Fuel specifications for PPC and HCCI operation where 
ethanol concentration increased. 

Test 
matrix 

n-hept
(vol.%) 

Toluene
(vol.%) 

Ethanol 
(vol.%) 

Iso-oct 
(vol.%) RON MON S 

PPC 35 7.5 0 57.5 67.3 66.1 1.2 
PPC 35 7.5 5 52.5 71.9 69.4 2.5 
PPC 35 7.5 10 47.5 74.9 71.8 3.1 
HCCI 30 20 5 45 79.6 74.5 5.1 
HCCI 30 20 12.5 37.5 83.8 78.1 5.7 
HCCI 30 20 20 30 87.9 81.4 6.5 
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Table 3. Fuel specifications for PPC and HCCI operation where 
toluene concentration increased.  

Test 
matrix 

n-hept 
(vol.%) 

Toluene 
(vol.%) 

Ethanol 
(vol.%) 

Iso-oct 
(vol.%) RON MON S 

PPC 35 0 5 60 70.5 68.7 1.8 
PPC 35 7.5 5 52.5 71.9 69.4 2.5 
PPC 35 15 5 45 73.5 69.4 4.1 
HCCI 30 10 12.5 47.5 81.6 77.9 3.7 
HCCI 30 20 12.5 37.5 83.8 78.1 5.7 
HCCI 30 30 12.5 27.5 85.3 78.6 6.7 
Table 4. Fuel specifications for PPC and HCCI operation where 
isooctane concentration increased.  

Test 
matrix 

n-hept 
(vol.%) 

Toluene 
(vol.%) 

Ethanol 
(vol.%) 

Iso-oct 
(vol.%) RON MON S 

PPC/HCCI 40 0 0 60 60 60 0 
PPC/HCCI 30 0 0 70 70 70 0 
PPC/HCCI 20 0 0 80 80 80 0 
 
Experimental 

Test methodology 

PPC was examined for 8 fuels that are listed in Tables 2 to 4. 
Experiments were performed using an in-line 5-cylinder diesel 
engine (Volvo D5) operated on one cylinder. Details of the 
engine are given in Table 5. The fuels were tested at 8 bar 
IMEPg at 1500 rpm with a 50% heat release completion (CA50) 
at 3 crank angle degrees after top dead center (ATDC). A 
single injection strategy was used, wherein the start of injection 
(SOI) and the injection duration were adjusted to achieve the 
desired load with a constant, fixed value for CA50, as the 
injection pressure was kept constant at 800 bar. During the 
experiments the desired inlet oxygen concentration was 11% 
and the inlet mixture temperature and pressure were kept at 
345 K and 2.3 bar.  

The results for HCCI were obtained from experiments 
performed in a CFR engine, and the engine specifications and 
further details on the experiments can be found in reference 
[12]. All fuels were tested with an inlet temperature of 248 K 
and the combustion phasing with CA50 at 3±1 degrees ATDC 
was held by adjusting the compression ratio. The engine was 
run naturally aspirated. For each operating point, fuel amount 
was adjusted to achieve an equivalence ratio of 0.33. The 
HCCI experiments were performed at an engine speed of 
600 rpm. 

Table 5. Engine specifications. 
Engine specifications for one cylinder 

Engine type Volvo D5 
Number of cylinders 1 
Bore [mm] 81 
Stroke [mm] 93.2 
Displacement Volume [cm2/cylinder] 480 
IVC [CAD BTDC] 174 
Compression ratio 16.5 
Swirl ratio 2.2 
Number of intake valves 2 
Number of exhaust valves 2 

    Injector 
Type Solenoid 
Injection nozzle holes 7 
Injection nozzle diameter [mm] 0.14 
Included angle [degrees] 140 

 

Heat release characteristics 

From the calculated rate of heat release, information about the 
combustion event can be extracted. The heat losses are 
included in the rate of heat release calculation using the 
Woschni model [20]. For PPC, the combustion events are 
divided into four phases; ignition delay (ID), low temperature 
reactions (LTR), premixed fraction and late mixing controlled 
combustion phases as seen in Figure 1. 

 

Figure 1. Typical PPC heat release diagram identifying different PPC 
combustion phases at 8 bar IMEPg. 

For PPC, the ignition delay is the period between the start of 
injection (SOI) and the start of combustion (SOC=CA0) as 
shown in Figure 1. The start of injection was determined from 
the first maximum in the evolution of the pressure gradient in 
the common rail (not shown). The start of combustion is 
defined as the location where the rate of heat release returns 
to zero after the negative period. When the fuel is injected into 
the combustion chamber the gas temperature decreases due 
to fuel evaporation, showing the negative rate of heat release. 
The point where the rate of heat release returns to zero 
establishes the start of combustion and/or the start of low 
temperature reaction (LTR). 

In order to separate the LTR and premixed combustion phases 
in a well-defined manner, in the PPC heat release curves a 
Gaussian profile is fitted to the rising flank of the premixed 
peak, between 15 J/CAD and the actual peak. Different values 
for the threshold have been tested but with very small impact 
on the LTR phase. The rate of heat release is then subtracted 
from the Gaussian profile, and the integrated area between the 
SOC and the threshold point is used as a measure of the LTR 
fraction as shown in Figure 2.  

 (4) 

In Equation (4) x0 is the central position of the peak, h and  
representing the height and width of the Gaussian profile, 
respectively. 
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For the HCCI heat release curves, a Gaussian profile was 
fitted to the rising flank of the LTR peak, between the 0.16 
J/CAD and the actual peak of LTR. The integrated area is then 
used as a measure of the LTR fraction for HCCI as shown in 
Figure 3. The Gaussian profile was fitted to the main heat 
release rate for PPC case due to inseparable phases of LTR 
and premixed fraction. In HCCI case there is a distinguish time 
between the main heat release and the LTR phase. This period 
between the main heat release and LTR is called Inter mediate 
heat release. 

 

Figure 2. Gaussian profile (red), RoHR (blue), and difference (black) as 
a function of crank angle degree. Figure shows the LTR phase for 
PPC. 

 

Figure 3. Gaussian profile fit for HCCCI LTR phase (red), and HCCI 
RoHR (blue) as a function of crank angle degree.  

 

Results and discussion  

Effects of ethanol on LTR 

Figure 5 shows the LTR fraction as a function of ethanol 
concentration for the fuels in Table 2. This represents the net 
effect of replacing some of the isooctane with ethanol (with 
constant n-heptane and toluene concentrations). For the PPC 
tests, as ethanol concentration increases from 0 to 10% the 
LTR fraction increases with a   slope of 0.08. However for the 

HCCI tests, as ethanol concentration increases from 5 to 20% 
the LTR fraction decreases with a slope of -0.1. The ethanol 
concentration has a stronger impact on the LTR fraction in 
HCCI than PPC. Previous work by the authors has shown 
similar trends in PPC and HCCI combustion [12, 22]. In PPC, 
the trend was explained by the ignition delay. A high 
concentration of ethanol resulted in longer ignition delay. The 
trend in HCCI is due to a change in the compression ratio 
required to initiate auto-ignition. A higher concentration of 
ethanol requires a higher compression ratio.  The reasons for 
these trends are discussed below. 

       

Figure 5. LTR fraction as a function of ethanol concentration.  

Figure 6 shows the ignition delay (ID) for PPC and 
compression ratio (Rc) required for auto-ignition for a constant 
CA50 in HCCI combustion as a function of the ethanol 
concentration. The ID increases as ethanol concentration 
increases due to the advance in the start of injection (SOI) 
required maintaining the same CA50. Injecting fuel at early SOI 
the cylinder temperature and pressure are lower, which helps 
slow the chemical reaction and thus prolongs the time of 
mixing between fuel and air. It is known that ID is influenced by 
the chemical and physical properties of a fuel. It is difficult to 
determine exactly the vaporization time partially because the 
ignition occurs before vaporization has been completed. It is 
mentioned in previous paragraph that the increment of LTR is 
due to a prolonged in ID. The Rc increases as ethanol 
concentration increases to achieve same CA50 around 3 
degrees ATDC. Increasing the Rc result in an increase in 
cylinder temperature and pressure. A higher cylinder 
temperature and pressure helps accelerate the main reactions 
to the point where they are dominant and LTR is minimized. 
The ethanol concentration has stronger impact on ID rather 
than Rc by comparing their slopes. The slope for ID is 3 times 
steeper than for Rc. 
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Figure 6 Ignition delay and compression ratio as a function of ethanol 
concentration in the blend.  

According to Figure 7, a linear relation between the LTR 
fraction and ID, and LTR fraction and Rc are observed. As the 
ID increased, the LTR fraction increased due to additional time 
for the low temperature chemical reactions to occur. In 
contrast, increasing Rc in HCCI had the opposite effect on 
LTR. This was because the cylinder temperature and pressure 
were higher, resulting in acceleration of the main reactions and 
minimization of LTR. The LTR fraction slope is steeper for Rc 
in HCCI than ID in PPC. The slope is 1.4 times more for HCCI 
than PPC. In order to see ethanol effect on LTR phase in PPC, 
the ID effect should be excluded. However, this task is difficult 
to achieve with the conditions available in this work.  

 

Figure 7 LTR fractions as a function of ignition delay and compression 
ratio.  

It is difficult to explain the LTR fraction trend in PPC due to a 
complex combustion phenomena happening in the combustion 
chamber. However, with help of the global cylinder 
temperature, which is calculated from the pressure trace some 
observations can be made. The ignition temperature, which is 
the temperature that is calculated from the cylinder pressure at 
the start of LTR phase, decreased when increasing the ethanol 
concentration in the blend for PPC. The trend and the ignition 
temperature interval were different for HCCI (Figure not 
shown). It is known that the cylinder temperature influences the 
LTR phase. As the temperature rises above a threshold level 
the LTR decreases (the radicals driving the low temperature 
reaction chain branching are decomposed and high 
temperature heat release starts to dominate).  

The slope for LTR fraction as a function of ethanol can 
mathematically be calculated using two other slopes as shown 
in equations 5 and 6.  

 (5) 

 (6) 

The calculated LTR as a function of ethanol for PCC and HCCI 
combustion are similar to the slopes presented in Figure 5.. 

Effects of Toluene on LTR 

The net effect of adding toluene, with a corresponding 
reduction in isooctane at constant n-heptane and ethanol 
levels, was studied using the fuels in Table 3. The results are 
shown in Figure 8. In PPC, the LTR fraction first increased as 
the toluene level increased from 0 to 7.5 vol.% and then levels 
off. In contrast, the LTR decreased in HCCI combustion as 
toluene concentration was increased from 10 to 30 vol.%. For 
both PPC and HCCI, the steepness of the slopes are similar 
but with different direction. For both combustion modes, 
toluene concentration had a weaker influence on LTR phase 
than for ethanol. The LTR fraction was insensitive to the 
increase in toluene concentration from 7.5 to 15% for PPC 
case. This is can due to small changes in the injection timing. 
The small changes in LTR fraction in PPC and HCCI can be 
explained by ID and Rc respectively.  

 

Figure 8. LTR fraction as a function of toluene concentration. 

The ID increased as toluene concentration was increased from 
0 to 7.5%, while ID was shown to be insensitive to toluene 
concentration between 7.5 and 15% as seen in Figure 9. This 
was due to the advance of the SOI at earlier case while 
keeping a similar SOI at later cases (Figure not shown) to 
maintain the same CA50. The Rc was increased to keep CA50 
constant as toluene concentration increased. Toluene had a 
stronger impact on Rc than ID. The Rc slope was twice more 
than the ID slope. As mentioned previously, increasing the Rc 
resulted in a reduction of the LTR phase. It seemed that if the 
ID is similar despite the increase in toluene concentration, the 
LTR fraction is also similar for PPC. Similar IDs are due to 
similar SOI and thus similar mixing time for the fuel and air. 
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Figure 9. Ignition delay and compression ratio as a function of toluene 
concentration. 

The relation between LTR and ID for PPC, and LTR and Rc for 
HCCI, is shown in Figure 10. The LTR slope dependence on 
ID is steeper than for Rc, this may partially be due to similar 
value of ID. The ID influence on the LTR slope is stronger for 
toluene than ethanol in the PPC case. The Rc impact on LTR 
slope is stronger for ethanol than toluene in HCCI case. 

 

Figure 10. LTR fraction as a function of ignition delay and compression 
ratio. 

Mathematically the slope for LTR fraction as function of toluene 
can be calculated from Figures 9 and 10 for both PPC and 
HCCI using equation 7 and 8. 

 (7) 

 (8) 

The calculated slopes for LTR fraction is similar to the slopes 
presented in Figure 8. It is possible to calculate the LTR 
fraction as a function of toluene for PPC and HCCI by using 
two functions as presented in equation 7 and 8.  

Effects of Isooctane on LTR 

LTR fraction increased when the isooctane concentration was 
increased in the blend for PPC, while it decreased for HCCI as 
shown in Figure 11. The LTR fractions for PRF60 and PRF70 
were higher for HCCI than for PPC, however for PRF80 the 

LTR fraction was higher for PPC. The slope for PPC is about 6 
times steeper than for HCCI. This behavior was explained by a 
prolonged ID in PPC, which allows sufficient time for fuel and 
air to mix. This helped slow the chemical reaction and thus the 
LTR increased. The decrease in LTR for HCCI was explained 
by the change in Rc. By increasing isooctane concentration, 
required Rc increased. 

 

Figure 11 LTR fractions as a function of isooctane concentrations. 

The ID and Rc increased when increasing the isooctane 
concentration as shown in Figure 12. The increase in ID as 
isooctane concentration was increased was due to the 
advance of the SOI to maintain a similar CA50. Injecting fuel 
earlier the cylinder temperature and pressure are lower and 
thus the reactions occur slowly. The Rc increases as 
increasing isooctane to achieve similar CA50, however, 
increasing the Rc the cylinder temperature and pressure are 
higher and thus the reactions occur rapidly. The slope for ID is 
steeper than for Rc as a function of isooctane. 

 

Figure 12 Ignition delay and compression ratio as a function of 
isooctane concentrations. 

As expected, the LTR fraction decreased when increasing the 
Rc, while it increased when prolonging the ID as seen in Figure 
13. This was mainly due to the cylinder temperature and 
pressure variation caused by changing the Rc and SOI. 
However, the LTR fraction slope is steeper for Rc than for ID 
and thus more sensitive to the change in Rc than SOI.  
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Figure 13 LTR fractions as a function of ignition delay and 
compression ratio. 
 

The slope for LTR fraction as function of isooctane can be 
calculated mathematically from Figures 12 and 13.  

 (9) 

 (10) 

The calculating slope is similar to the slope shown in Figure 11 
for LTR fraction. This means that the LTR as function of 
isooctane can be described as two other functions as seen in 
equation 9 for PPC and equation 10 for HCCI.  

Factors that affect the ID and LTR fraction can be divided into 
two groups: the chemical and the physical properties. The ID 
increased when increasing ethanol, toluene, and isooctane 
concentrations in the blend. This was due to increase of the 
RON value of the blend. Previously the authors showed that by 
increasing the ethanol concentration, the RON value increased 
in a nonlinear process. It was also shown that ethanol had the 
strongest effect on RON values, compared to toluene and 
isooctane. RON is a measure of fuel auto-ignition quality, by 
doing knock measurements. A higher RON means a higher 
resistance to auto-ignition. The ID was prolonged when the 
RON was increased due to the advance of SOI to maintain a 
constant CA50. The ID was highest for ethanol and lowest for 
toluene, as RON increased, as seen in Figure 14. Beside the 
fuel effect on ignition delay, the physical effects from for 
example SOI plays a major role in prolonging the ID. 
Advancing the SOI decreases the cylinder temperature and 
pressure, which give the chemical reactions more time to 
occur. 

 

 

Figure 14 Ignition delays as a function of RON. 

 

 

 

Figure 15 (a) Heat release rate as a function of crank angle degree for 
the highest concentrations of isooctane, toluene and ethanol at CA50 3 
degrees ATDC. Figure (b) is a zoomed version of (a) showing heat of 
vaporization, LTR phase. 

The heat release rates showing the low temperature reactions 
and the endothermic phases are presented in Figure 15 for the 
highest concentration of isooctane, toluene, and ethanol at 
CA50 3 degrees ATDC. Despite the similarity in CA50, both 
the fuel vaporization period and LTR phase are different as 
seen in Figure 15 b. The differences in vaporization period are 
partially due to the change in SOI and partially to the different 
fuel composition. As seen, the SOI is earlier for isooctane with 
RON 80 and the latest is for toluene with RON 73. As 
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mentioned in previous sections, an early SOI will result in lower 
cylinder temperature and pressure and thus giving more time 
for mixing. The amount of energy for heat of vaporization (the 
negative dip in heat of release) from isooctane and ethanol are 
the same at the highest concentration (figure not shown). 
Isooctane is injected earlier, when cylinder temperature and 
pressures are lower, which help to prolong the vaporization 
period. However for the ethanol blend, the SOI is later than for 
isooctane, and thus the cylinder temperature is higher, which 
will shorten the vaporization time. For the toluene blend the 
vaporization period is even shorter due to late injection timing 
and thus higher cylinder temperature. 

 

Conclusions 

This work compares fuel effects on the low temperature 
reaction (LTR) fraction in PPC and HCCI combustion to sort 
out the limiting factors for fraction of LTR in PPC. Experiments 
were carried out in a single cylinder light-duty diesel engine for 
PPC and in a CFR engine for HCCI. The combustion phasing, 
CA50, was kept close to 3 degrees ATDC by adjusting the start 
of injection (SOI) for PPC and the compression ratio for HCCI. 
Fuel blends were divided into three groups to test the effect of 
ethanol, toluene, and isooctane in each combustion mode. The 
isooctane concentration was used to balance the variation of 
ethanol and toluene in the first and second group while n-
heptane was used to balance the variation in isooctane 
concentration in the third group. The following observations 
were made: 

1. As ethanol or toluene concentration increases, the 
LTR fraction increases for PPC while it decreases for 
HCCI. 

2. Ethanol had a stronger impact on LTR fraction than 
toluene. 

3. Increasing isooctane and decreasing n-heptane 
concentration increased the LTR fraction for PPC 
while it decreased for HCCI. 

4. A prolonged ignition delay gave a higher fraction of 
LTR for PPC. As when the SOI has to be advanced at 
higher RON values. 

In summary, the observed fuel effect on LTR in PPC was 
reversed compared to HCCI. Chemical fuel effects will 
dominate over physical effects for port injected HCCI since the 
fuel can be expected to be vaporized and fairly well mixed 
when the inlet valve close. The lack of agreement between fuel 
effects in PPC and HCCI indicate that: 

1. The processes behind LTR are more complex in PPC 
than in HCCI. It is not certain that a fuel with more 
pronounced chemical prerequisites for LTR will 
produce more LTR. 

2. The strong relation between LTR and ID for PPC 
indicate that the ignition quality is central for the 
fraction of LTR in PPC. 

Future work 

Comparing fuels with similar RON value but with different fuel 
composition to examine fuel composition effect on combustion 

process in both PPC and HCCI combustion. Having fuel with 
similar RON values could result in similar ignition delay for 
PPC and using the same compression ratio in HCCI.  
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Definitions/Abbreviations 

ATDC After top dead center 

CA50 Crank angle at 50% completion of heat 
release 

CAD Crank angle degree 

DoE Design of experiment 

E Ethanol 

E10 10 vol.% ethanol concentration 

ERF Ethanol and primary reference fuel 

I Isooctane  

ID Ignition delay 

IT Ignition temperature 

LTR Low temperature reaction 

MON Motor octane number 

N n-heptane 

PPC Partially premixed combustion 

Rc Compression ratio 

RoHR Rate of heat release 

RON Research octane number 

S Sensitivity of a blend, S=RON-MON 

SOC Start of combustion 

SOI Start of injection 

T Toluene 

T10 10 vol.% toluene concentration 

TERF Toluene, ethanol and primary reference 
fuel 

TRF Toluene and primary reference fuel 
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