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Abstract: This research studies the combustion characteristics of a compression ignition engine when 
using ternary blends (ethanol-biodiesel-diesel). Because ethanol is renewable energy and can lower 
exhaust emissions, it is interesting to use in a diesel engine. With less effort to prepare the fuel and 
apply it in the engine, the blending technique is used in this research. However, phase separation 
readily occurs as the percentage of ethanol increases and at the low ambient temperature. Fortunately, 
biodiesel has been used commercially as a blend and can act as a surfactant to keep the phase stable. 
To comply with the market, the blend ratio used is B3E5, B7E5, and B10E10, where B stands for 
biodiesel, E is ethanol, and the numeric presents the percent of each fuel by volume. In addition, diesel 
adding 3 percent biodiesel as a lubricity enhancer is used as the reference. Combustion features such 
as heat release rate, ignition delay, and mass fraction burned derived from in-cylinder pressure are 
experimented with through a single-cylinder common-rail diesel engine. The injection pressure varies 
from 500, 700, and 1000 bar, while injection timing adjusts from 335, 340, 345, 350, and 355°CA. With 
ethanol concentration, the ignition commences earlier than diesel B3 due to the puffing phenomena. 
However, adding more biodiesel content results in later ignition because of the difficulty of the fuel-air 
mixing process. The high content of ethanol and biodiesel yields the lengthiest ignition delay. 
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1. Introduction 
 Due to energy depletion and security problems, 
renewable fuels have been extendedly investigated. 
Ethanol has successfully been applied in a spark 
ignition (SI) engine up to 85% blended with gasoline, 
even used in the neat form in Brazil [1]. On the other 
hand, biodiesel has been used in compression 
ignition (CI) engines as the commercial fuel in some 
countries but a limitation to 10-20% blended with 
diesel [2, 3]. Moreover, the air pollution problems 
specifically emit from a CI engine with high smoke 
and NOX concentration. Alternative fuel is increasingly 
demanding, especially ethanol which can significantly 
reduce smoke emissions [4, 5].  
    However, applying ethanol in a CI engine requires 
tremendous effort than in SI because its properties 
significantly differ from diesel, such as cetane 
number. The promising approach to use in CI 
engines is the blending method. Nevertheless, 
ethanol could not be miscible into diesel without the 
solubility enhancer. Therefore, many additives have 
been studied such as Sorbitan Monooleate, 
polyoxymethylene dimethyl ethers, and n-butanol              
[6-8]. Biodiesel is a renewable fuel and already mixes 
with diesel in some countries. Moreover, the biodiesel 
amount could improve the solubility of ethanol-diesel 
blends and compensate for the blends' low density, 
viscosity, and lubricity properties [9-11]. Therefore, 
using biodiesel as a surfactant is interesting. 

 Due to the low heating value, previous 
researches found that fuel consumption increases 
when using ethanol-biodiesel-diesel blends [12, 13]. 
However, the tri-blends present an advantage over 
diesel in terms of thermal efficiency [14, 15].  
Depending on the test condition, CO and HC emitted 
from ternary blends demonstrate inconclusive 
correlation compared to that of neat diesel fuel                 
[16, 17]. The blends are likely to increase the NOX 
concentration [18]. However, many researchers have 
proved that the smoke/particulate matter (PM) 
significantly decreases with the blends of 
ethanol/biodiesel [19-21]. For combustion 
characteristics, ethanol tends to retard the ignition, 
thus lengthening the ignition delay [22, 23]. 
Consequently, the heat release rate is high. 
  Although there is considerable research on 
ternary blends, the effect of injection pressure and 
timing on the Ethanol-Biodiesel-Diesel blend used in 
the common rail diesel engine at medium operating 
condition is limited. Moreover, the ratio of ethanol and 
biodiesel in this research is highly promising because 
the amount of biodiesel blended is commercially used 
in many countries. This paper has also compared the 
effect of ethanol and biodiesel solely. In the 
meantime, the combined influence has been 
evaluated. The effect of injection timing is presented 
first, followed by the injection pressure. The influence 
of fuel properties has been demonstrated in the last 
section.  
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2. Apparatus 
2.1 Engine 
 An agricultural base single cylinder four stroke 
diesel engine with a naturally aspirated intake 
system and water cooling was used throughout this 
study. The fuel is injected directly into the 
combustion chamber via a high-pressure common 
rail system. An in-house electronic injection system 
controls the injection timing and duration. The 
engine specification is detailed in Table 1. 

2.2 Test Fuel 
 The ternary blends were prepared in two steps, 
shown in Fig. 1. Firstly, biodiesel was mixed with 
diesel called BX, where X is the percentage of 
biodiesel. This study chose B3, B7 and B10 to 
imitate commercial use. Then, ethanol was blended 
into BX, named BXEY, where Y is the percentage 
of ethanol in BX. Only 5% and 10% ethanol were 
selected to blend to prevent phase separation. 

Therefore, the final blends include B3E5, B7E5, and 
B10E10. Also, B3 was tested as the reference. The 
fuel properties and the amount of biodiesel and 
ethanol are presented in Table 2. 

Table 1 Engine specification 
Specification  
Engine type A horizontally single-

cylinder four- stroke engine 
Displacement 
volume  

709 cm3 

Bore x Stroke  97 x 96 mm. 
Compression ratio 18:1 
No. intake valve 1 
No. exhaust valve 1 
Injection system Electronic common rail 
Cooling system 
Max power 
Max torque 

Liquid-cooled 
10.3 kW at 2400 rpm 
49 Nm at 1600 rpm 

 

 
Fig. 1 Procedure of fuel preparation 
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Table 2 Fuel Properties 
Properties B3E5 B7E5 B10E10 Diesel (B3) Ethanol Biodiesel 
Ethanol (%) 5 5 10 0 100 0 
Biodiesel (%) 2.85 6.65 9 3 0 100 
Diesel (%) 92.15 88.35 81 100 0 0 
Density (g/cm3) 0.814 0.816 0.815 0.832 0.786 0.868 
Viscosity (cSt) 3.0 3.0 2.8 3.9 1.2 4.5 
Heating value (MJ/kg) 43.9 42.9 41.7 45.05 27.6 40.1 
Cetane number 56.5 56.7 53.6 - - 67.9 
Heat of vaporization (kJ/kg)  254 [25] 904 [25] 254 [25] 
Enthalpy of vaporization (kJ/g)  0.250 [26] 0.846 [27] 0.245 [26] 
Specific heat capacity (J g−1 K−1) @298 K 1.87-1.92 [27] 2.44 [28] 2.12 [29] 

 

2.3 Combustion analysis 
 The engine speed was controlled at 1600 rpm 
and load at brake mean effective pressure (BMEP) 
of 5 bar by a prony brake dynamometer, measured 
the loading force by S-type tension/ compression 
load cell with the capability of 1961 N from 
Minebea, model U3B1-200K-B. The schematic 
diagram of the experimental system is presented in 
Fig. 2. The combustion behaviors were analyzed 
through in-cylinder pressure data acquired by a 
Kistler model 6052C piezoelectric pressure 
transducer. One hundred consecutive cycles 
triggered every 0.1-degree crank angle by an 
Autonics model E40HB6-3600-3-T-24 encoder were 
amplified by a Kistler model 5108 charge amplifier 
before being recorded by an in-house LabVIEW 
base program. The average in-cylinder pressure 

value was used to calculate the heat release rate in 
Eq. (1), specified by Heywood [30]. 

 
(1) 

 Where V is cylinder volume, p is averaged in-
cylinder pressure, and  is the ratio of specific heat, 
equal to 1.3 for this study.  
 The engine was warmup until the lubricant and 
coolant water reached 80°C before the test started. 
The injection timings were varied from 335°CA to 
355°CA with the 5°CA increment at the fixed 
injection pressure of 700 bar. On the other hand, 
the injection pressure was tested at 500, 700 and 
1000 bar when the injection timing was controlled at 
345°CA. All test fuels were tested and compared 
with the same conditions. 
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Fig. 2 Schematic diagram of experimental setup 

3. Result and Discussion 
3.1 Effect of Injection Timing 
 Fig. 3 presents the effect of injection timing on 
the heat release rate of (a) B3, (b) B3E5, (c) B7E5, 
and (d) B10E10, respectively. The start of 
combustion is defined as the crank angle where the 
percentage of fuel burnt is 5%. The ignition delay is 
the interval between the injection timing and the 
start of combustion. Fundamentally, when the fuel 
injection commences early, the liquid fuel can 
atomize, vaporize, and mix with air, preparing for 
ignition early. Therefore, all test fuels exhibited the 
same trend where the earlier the injection, the auto-
ignition started earlier. 
 The ignition timing retardation is not at the same 
interval as injection timing retardation at the very 
early injection. For example, at the injection timing 
of 335°CA, the ignition occurred at 349°CA for B3; 
when the injection was delayed to 340°CA, the 
ignition retarded about 2.8°CA less than 5°CA of the 

delayed injection. However, the ignition timing 
intervals extended and were equivalent to the 
injection retardation intervals when the injection 
timing closed to the top dead center for all test 
fuels, shown in Fig.4.  
 Not only the ignition happened early with the 
early injection, but 10% and 50% of mass burnt also 
(Fig.4). Nevertheless, there is no certain trend of 
90% mass burnt (the combustion finished). At 
injection timing of 340 and 345°CA, the combustion 
seems to terminate earlier than 335°CA, the earliest 
injection timing. The low air temperature and 
pressure at the early injection are the causes. 
Moreover, the injected fuel hardly vaporizes and 
oxidizes. Therefore, the ignition delay is the 
lengthiest at the earliest injection timing and 
decreases with the retardation, as presented in 
Fig.5. With the lengthening ignition delay, more fuel 
accumulates before the oxidation occurs, thus 
releasing greater heat in Fig. 6. 
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 Fig. 3 Heat release rate of (a) B3, (b) B3E5, (c) B7E5, and (d) B10E10 when varying injection timing 

 
Fig. 4 The effect of injection timing on combustion phasing 
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Fig. 5 The effect of varying injection timing on 

ignition delay 
 Fig. 6 The effect of varying injection timing on the 

maximum heat release rate. 

 Interestingly, the effect of injection timing on 
the burning rate during premixed (5-50% mass 
burnt in Fig.7) is not the same among all test 
fuels. With the lower amount of oxygenated fuels 
(B3 and B3E5), the burning rate during premixed 
combustion decreases when the injection timing 
retards and vice versa for the higher blended 
ratio of alternative fuel (B7E5 and B10E10). 
When injection timing lately happens, the ignition 
delay decreases, thus reducing the accumulated 
premixed mixture to combust during the rapid 
combustion phase [31]. Therefore, the rate of 
combustion reduces. Although the ignition delay 
also lessens for the B7E5 and B10E10, high 
oxygen molecules enhance the air-fuel mixture 
process. In addition, high air temperature during 
the late injection accelerates the burning rate. Not 
shown here, there is no correlation between the 
diffusion combustion (50-90% mass burnt) with 
the injection timing.  

 
Fig. 7 The duration to burn 5-50% mass when 

varying injection timing. 
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Fig. 9 but release high heat even though less 
time is available for fuel accumulated. The 
injected fuel readily atomizes into the fine droplet 
with increased injection pressure [32]. Tiny fuel 
drops could vaporize and mix with air quickly. 
Consequently, the auto-ignition is achieved early. 
Moreover, the mass fuel injection rate increases 
with the high injection pressure [33]. Therefore, 
more fuel oxidizes and releases heat during the 
premixed combustion mode. 

 Better fuel atomization at the high injection 
pressure accelerates the ignition and the burning 
rate during the premixed combustion phase, 
illustrated in Fig. 10 for all test fuels. Also, for the 
combustion duration in Fig. 11 (5-90% mass 
burnt), all test fuels consume lesser time with the 
increased injection pressure. 

 

 

Fig. 8 Heat release rate of (a) B3, (b) B3E5, (c) B7E5, and (d) B10E10 when varying injection pressure 
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Fig. 9 5, 10, 50 and 90% mass fraction burnt and the location happening when varying injection pressure 

 

 

 
Fig. 10 The duration to burnt 5-50% mass when 

varying injection pressure 
 Fig. 11 The combustion duration when varying 

injection pressure 
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3.3 Effect of fuel properties 
 Fig. 12 compares the heat release rate of B3, 
B3E5, B7E5, and B10E10 at the injection 
pressure of 700 MPa and the injection timing of 
340°CA. Although the results of other test 
conditions are not shown here, the trend is the 
same. To characterize the sole effect of ethanol, 
B3 and B3E5 are considered. The result indicates 
that increasing 5% ethanol into the blend 
accelerates self-ignition over B3. The shortening 
ignition delay is clearly presented in Fig. 13. The 
results contradict many previous studies where 
ethanol retard the auto-ignition [22, 23]. The 
puffing phenomenon is the cause [34]. Although 
the appearance of the blend is a transparent 
homogeneous solution, ethanol as sub-droplets is 
diffused and surrounded by the droplet of diesel 
and biodiesel. With low boiling temperatures, 
ethanol first vaporizes and forms a bubble inside 
the droplets after the atomized fuels are heated. 
Those bubbles expand outward and drive the 
surrounding high boiling point droplet, rupturing 
and pushing the vapor jet. This incident is called 
the puffing phenomenon and leads to secondary 
atomization, which could accelerate auto-ignition. 
 The specific effect of biodiesel in the blend is 
clarified by comparing B3E5 and B7E5. Adding 
only 3.8% biodiesel could delay the ignition.             
The puffing incident is abated with biodiesel 
content [35]. Secondary atomization barely induces.  

 
Fig. 12 The effect of fuel properties (B3, B3E5, 

B7E5, and B10E10) on Heat release rate 

 
Fig. 13 The effect of test fuel on the ignition 

delay at any injection timing 
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vaporization and enthalpy of vaporization in Table 
2 of high ethanol content dominates in this case. 
In addition, the difficulty of fuel atomization and 
vaporization of biodiesel also contribute. 
 The maximum heat release rate of all test 
fuels at all injection timings is illustrated in Fig. 14. 
The peak heat release does not correlate with the 
ignition delay, where the higher heat happens 
with the lengthener ignition delay. B3, with the 
highest heating value, releases the utmost heat, 
although the ignition delay is short. The maximum 
heat release rate of all ethanol blends is lower 
than diesel. The low heating value of ethanol is 
one vital cause. However, the long ignition delay 
of B10E10 coupled with the high air-fuel mixing 
process increases the rate of heat release over 
B7E5 and even B3E5 sometimes. 
  The combustion phasing from 5-50% mass 
burnt (premixed combustion) of all test fuels is 
presented in Fig. 15. At early injection timing 
(335-340°CA), B3 combusts the fastest, followed 
by B3E5, B10E10, and B7E5 during premixed 
combustion. The rate of oxidation seems to 
depend on the heating value of fuels. When the 
heating value is lower, more blend is required to 
deliver the same BMEP. Therefore, more time is 
needed to combust, hence slow burning in terms 
of time scale base. Even though more B10E10 
necessitates, the premixed combustion rate looks 
faster than B7E5. Because of the lengthy ignition  

 
Fig. 14 The effect of test fuel on the maximum 

heat release rate at any injection timing 

 
Fig. 15 5-50% mass burnt duration of B3, B3E5, 
B7E5, and B10E10 at injection pressure of 700 

bar and varying injection timing 

delay of B10E10, much more accumulated fuel-air 
mixture oxidizes once the ignition happens. Rapid 
oxidation, as seen in a higher maximum heat 
release rate, consumes the charge mixture and 
results in faster burning than B7E5. 
    At the late injection, the effect of high oxygen 
content dominates the burning rate, as previously 
described. The fuel-air mixing process is enhanced 
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for B10E10 and B7E5 fuel, leading to faster burn 
than B3E5. Moreover, B10E10 sometimes indicates 
more rapid combustion than B3 (at 355°CA injection 
timing). 

4. Conclusion 
 The study investigates the effect of injection 
timing and pressure on the combustion 
characteristics of ternary blends (B3, B3E5, B7E5, 
and B10E10). Moreover, the influence of ethanol 
and biodiesel concentration is presented separately. 
The combined effect of ethanol and biodiesel is also 
exhibited. The conclusions are: 
• The effects of injection timing on the combustion 
characteristics for all blends are the same. With the 
earlier injection timing, the ignition happens earlier 
with the extended ignition delay. Only the burning 
late during the premixed combustion phase differs, 
where the low-oxygenated blends combust slowly 
while high-content oxygen fuel oxidizes at the late 
injection. 
• Better fuel atomization resulting from the high 
injection pressure leads to early ignition timing, 
shortened ignition delay, and fast burning for all 
blends. 
• Ethanol content in the blends with less biodiesel 
concentration could induce the puffing phenomena, 
leading to the second atomization and shortening 
ignition delay. 
• Biodiesel content in the ternary blends could 
suppress the puffing incident. Moreover, the 

difficulty of its atomization and vaporization retards 
the ignition. 
• The high heat of vaporization of ethanol 
combined with the difficulty of 
atomization/vaporization of biodiesel significantly 
delay the ignition. However, with the high oxygen 
content, the burning rate at the premixed 
combustion phase is enhanced when the injection 
commences late. 
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