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ABSTRACT: 
Diesel Engines are widely known for a high compression ratio, which is 

proportional to the engine’s efficiency. The effect from direct injection of a diesel 

engine generates particulate matter (PM). PMs are mainly composed of Soot and 

Metallic Ash, which are harmful to human health. This research describes 

thermal efficiency, engine performance and combustion behavior at various load 

(20%, 50%, and 80%) and fuel (B7, B20, and B100) by using combustion 

pressure analyzer. The experimental results demonstrated that B100 has the 

highest ISFC and lowest ISEC for all test series owing to the highest indicated 

thermal efficiencies. Operating load and fuel are strongly proportional to heat 

release rate and ignition delay. The heat release rate of low load condition is 

retarded compare with medium and high load.  Conventional diesel and biodiesel 

PMs were investigated by using Scanning electron microscopy (SEM) and 

Transmission electron microscopy (TEM). The average size of ultrafine particles 

that obtained from the experiment are range of 50-500 nm and primary 

nanoparticle size of B7 and B100 are in range of 25-50 nm. 
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1. INTRODUCTION 

Nowadays, the problems that have been taken seriously are the depletion of fossil fuel and global warming [1]. Many 

researchers try to replace conventional engine by electric vehicle and fuel-cell, but due to cost, driving distance, 

durability and some of engine’s characteristics, it is difficult to overcome the conventional engine [2]. Owing to a 

high compression ratio, compression ignition (CI) engines or can be called Diesel engines are recognized as one of 

the highest thermal efficiency engines among internal combustion engines (ICE) [3]. Unfortunately, the usage of CI 

engine also releases two critical issues from exhaust gas which are particulate matter (PM) and nitrogen oxide (NOx). 

Diesel particulate matters consist of soluble organic fraction (SOF) and solid fraction (metallic ash) as a main 

component [4]. The effects of these pollutant need to be prevented because they are harmful to human health, 

especially cancer. Thus, in order to decrease these variables an alternative fuel such as biodiesel has been chosen to 

be investigated in a small CI engine. Biodiesel has been frequently discussed as an alternative fuel to replace diesel 

owing to lower cost and particle emission. Moreover, it can conveniently obtain from renewable resources (Algae, 

Palm, Jatropha, Coconut etc.) [5-8]. Since it has a similar physical property to diesel fuel, the engine doesn’t need to 

modify.  This paper is aimed to investigate the engine’s performance, combustion characteristics, particle emission 

and soot morphology of small diesel engine at various load (20%, 50% and 80%) and fuel (B7, B20 and B50), by 
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using engine combustion analysis, heat release rate analysis, opacity smoke meter, scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM).  

2. METHODOLOGY 

It can be seen from Table 1 that the Cetane Number (CN) of neat biodiesel (B100) is 27.27% higher than diesel (B7). 

CN is one of the most important properties as it mainly effects on an ignition delay and combustion duration. 

Moreover, kinematic viscosity of biodiesel is 50% higher than diesel, the disadvantages of higher viscosity are 

increasing loss (pumping energy in fuel line) and narrowing spray pattern [9]. High heating value (HHV) or calorific 

value (CV) of diesel is 18.33% higher than biodiesel due to higher percent carbon and hydrogen composition in a 

chemical formula. Distillation of diesel is lower than biodiesel, the main reason is because of diesel can vaporize 

easier than biodiesel owing to the smaller molecule [10]. 

3. EXPERIMENTAL SETUP AND CONDITION 

Table 2 shows an engine specification of a single cylinder diesel engine (Kubota RT140 DI Plus ES) with unmodified 

fuel injection (fuel is injected at 19° C.A. Before Top Dead Center-BTDC with mechanical fuel injection system), 

rated power of 9.2 kW at 2,400 rpm, displacement volume of 709 cm3 and compression ratio of 18:1 was coupled 

with eddy current dynamometer (Tokyo Plant Model ED-60-LC). In addition, a necessary instruments such as 

pressure sensor (Kistler 6052C31, 250 bar, sensitivity: ±0.5%), load cell, crank encoder (CA-RIE-360,  resolution: 

360 pulses/rev.), opacity smoke meter (OKUDA DSM-240), computer software (DAQ DEWEsoft SIRIUSi-HS-CA) 

and control system are required in order to analyze the parameters inside the combustion chamber.   

 

Table 1: Fuel Properties. 

Properties Standard Diesel (B7) Biodiesel (B100) 

Density (kg/m3) ASTM D4052 844.78 864.4 

Cetane Number ASTM D613 55 70 

Kinematic Viscosity at 40 °C (mm2/s) ASTM D445 3.092 4.5 

Chemical Formula  C16.17H32.00 C15.26H29.48O1.70 

Carbon Fraction ASTM D5291 82 78 

Bulk Modulus (MPa)  1,282 1,482 

Flash Point (°C) ASTM D93 65 184.5 

Calorific Values (kJ/kg) ASTM D240 46,800 39,550 

Distillation (°C)    

T10 ASTM D86-11b 214.3 336.2 

T30 ASTM D86-11b 250.3 339.7 

T50 ASTM D86-11b 281.5 341.4 

T70 ASTM D86-11b 312.5 345.4 

T90 ASTM D86-11b 352.3 351.2 

 

Table 2: Engine Specification. 

Items Details 

Engine type 1-cylinder, Direct injection, Compression ignition 

Bore x Stroke 97 mm x 96 mm 

Displacement 709cm3 

Compression ratio 18:01 

Rated power 9.2kW @ 2,400rpm 

Injection timing 19° C.A. BTDC 

Injection pressure 22MPa 
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Prior to the experiment, B7 as a substrate was blended with 20% of B100 by volume and become B20 (80% of diesel 

and 20% of biodiesel). At the first stage of this work, 2 groups of experiment tests (1) different engine’s load (20%, 

50% and 80%), and (2) different fuel (B7, B20 and B100), were performed. For comparability, all tests series were 

conducted at constant engine speed (2,400 rpm). The main focuses of this experiment are engine’s performance, 

combustion characteristics and particulate matter. 

3. RESULTS AND DISCUSSIONS 

3.1 Engine performance 

The engine performance parameters were included of indicated thermal efficiency (%), indicated specific fuel 

consumption (ISFC in unit of kg/kWh), and indicated specific energy consumption (ISEC in unit of kJ/kWh). In case 

of constant heating value, ISFC (amount of fuel utilized to provide a unit of engine power) and ISEC (amount of 

energy to provide a unit of engine power) of each condition could be the same. Figure 1 displays a pressure-volume 

diagram (P-V diagram) and pressure rise inside the combustion chamber versus crank angle degree (CAD) from -60 

CAD to 60 CAD of B7, B20 and B100 at 20%, 50% and 80% load, respectively. The areas enclosed by the pressure 

curve were used to determine indicated work of the system. In case of B7 and B20 at 20% and 50 % loads, maximum 

pressure is similarly occurred at 5 CAD, whereas it can be observed that B100 at 50% load and all fuel at 80% load 

are retarded to 7 and 9 CAD respectively. This is mainly due to shorter ignition delay (IGD) and advancement of heat 

release rate (HRR).  

 

ISFC and ISEC of all fuel show a declination when the engine is operated at higher load because of higher indicated 

thermal efficiency, as shown in Fig. 2. ISFC of B20 is 0.66% higher than B7 at 20% and 50% load, however at 80% 

load condition, B20 is consumed 6.61% fuel higher than B7 because of lower heating value. Moreover, B100 shows 

approximately 12.35% higher ISFC for all testing conditions. B100 presents approximately 4.01% lower ISEC for 

all load conditions, this is mainly due to the highest amount of oxygen content in a molecule which help to promote 

more complete combustion in a combustion chamber, thus it leads to the highest indicated thermal efficiency for 

every testing series. In addition, B20 shows 1.37% lower energy consumption than B7 in both 20% and 50% load, 

however, B20 consumes 4.46% higher energy consumption than B7 at 80% load.  

3.2 Combustion characteristics 

The combustion characteristics were included maximum heat release rate (MaxHRR in a unit of J/deg), maximum 

cumulative heat release (MaxCHR in a unit of J) and ignition delay. Heat release rate was calculated according to 

first law of thermodynamics [11]. There is a time delay (ignition delay) in between start of injection (SOI) and start 

of combustion (SOC). Figure 3 shows the effect of various fuel and same load testing series at 20%,50% and 80% on 

heat release rate. The positive region indicates the amount of energy release vice versa, the negative region of heat 

release rate indicates the total amount of energy that has been absorbed to change phase from liquid to gas. Moreover, 

maximum heat release rate is increased from 20% to 50% load, however, compare with 50% load, heat release rate 

of 80% load is decreased by approximately 6.2%. In addition, ignition delay is decreased from low to high load, 

respectively.  

 

Table 3 presents quantitative information on same load and difference testing fuel conditions. The maximum pressure 

(MaxP. in a unit of bar) of every fuel on the same load testing are not significantly difference, whereas when the 

engine’s load was increased from 20% to 80 % the maximum pressure also increased from 60 to 70 bar. B7 and B20 

show the similar trend however B100 shows the lowest heat release rate and most advance ignition delay among all 

others fuel owing to largest molecular structure, poorest vaporization, highest viscosity and highest cetane number. 

In addition, the greater Bulk Modulus of biodiesel leads to an advancement in fuel injection timing [12, 13].   
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(a) 20% load 

 
(b) 50% load 

 
(c) 80% load 

 
Fig. 1. P-V and P-θ diagrams in the condition of constant engine speed of 2400 rpm and load of (a) 20%, (b) 

50% and (c) 80% with various fuel. 
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(a) ISFC                                                                    (b) ISEC 

 
(c) Indicated thermal efficiency                                     (d) Smoke intensity  

 
Fig. 2. Comparison of (a) indicated specific fuel consumption, (b) indicated specific energy consumption, (c) 
indicated thermal efficiency and (d) smoke intensity at the constant engine speed of 2400 rpm, various load 

and fuel. 
 

Table 3: Quantitative information based on same load and difference fuel. 
  20% Load   50% Load   80% Load 

Fuel B7 B20 B100   B7 B20 B100   B7 B20 B100 

MaxP. (bar) 60 59 60   69 67 68   71 70 71 

MaxP.CAD. (deg) 5 5 5   5 5 7   7 9 9 

MaxHRR (J/deg) 47 46 42   68 64 56   60 57 50 

MaxHRR.CAD. (deg) 2 3 1   1 1 0   0 -1 -1 

MaxCHR (J) 353 356 343   616 602 595   891 849 860 

IGD (ms) 1.46 1.46 1.39   1.39 1.39 1.32   1.32 1.25 1.25 
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(a) 20% load 

 
(b) 50% load 

 

 
(c) 80% load 

 

Fig. 3. Heat release rate in the condition of constant engine speed of 2400 rpm and load of (a) 20%, (b) 50% 
and (c) 80% with various fuel. 
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(a) B7                                                                                    (b) B100 

   

(c) B7                                                                                 (d) B100 

   

(e) B7                                                                                      (f) B100 

Fig. 4. SEM images of aggomerated soots of (a) B7 and (b) B100, TEM images of aggregated ultrafine soot of 
(c) B7 and (d) B100, TEM images of soot primary nanoparticle of (e) B7 and (f) B100. 
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3.3 Particulate matter and soot morphology 

Smoke intensity of each fuel versus engine loads at 2,400 rpm was measured by opacity smoke meter. As a 

consequence of highest oxygen content and highest indicated thermal efficiency, B100 has the lowest smoke intensity 

in all load conditions (see Figure 2d.). The reduction of soot could reduce the radiation heat loss from the engine [14]. 

Conventional diesel (B7) and B20 have significantly higher smoke intensity compare with B100, especially at 50% 

load. The smoke intensity is an in direct method to figure out the quantity of PM’s in a large scale via the paper filter. 

Moreover, the amount of fuel injected into the combustion chamber is directly proportional to engine load and smoke 

intensity. 

 

Particulate matter from engine combustion can be characterized into 2 main groups as volatile and non-volatile matter. 

Soot and ash which can be considered as a non-volatile matters are generated from incomplete combustion of fuel in 

a combustion chamber, while others non-volatile matters (such as metallic ash) come from in purity of air, lubricant 

oil and material break down inside the engine (such as wear scar and abrasive).  

 

The nanostructure and morphology of the PMs were investigated by using both SEM and TEM. The size of diesel 

engine’s PMs are described as PM10 (For diameter (D) < 10 µm), fine particles (D < 2.5 µm), ultrafine particles (D 

< 100 nm) and nanoparticles (D < 50 nm) [15]. Figure 4 shows SEM images of agglomerate fine particles of B7, and 

B100. In addition, TEM images of agglomerated ultrafine particles of B7 and B100 can also clearly observed.  The 

average agglomerated of ultrafine particles size are in range of 50-500 nm [16]. The oxygenated fuel is strongly 

promoted more complete combustion thus the agglomerated of ultrafine particle of PMs gradually reduce from B7 to 

B100. The primary soot nanoparticles are separated into two main part as an inner core and outer shell [17, 18]. 

Moreover, primary nanoparticles size of B7 and B100 are in range of 25-50 nm. From morphology point of view, the 

nanoparticles size of conventional diesel and biodiesel are not significantly different.   

4. CONCLUSION 

Through the experiment of engine test with different load (20%, 50% and 80%) and fuel (B7, B20 and B100) in a 

small compression ignition engine. As a result of engine performance, maximum pressure of varying fuel on the same 

load condition are similar. However, at the high load condition, maximum pressure is retarded. B100 shows the 

highest fuel consumption per unit of engine power in every testing condition, nevertheless as a consequence of lowest 

heating value and highest indicated thermal efficiency, B100 shows the lowest energy consumption per unit of engine 

power. Moreover, from the combustion characteristic, ignition delay could be reduced by either increase the 

proportion of biodiesel or increase the engine’s load. B100 shows the shortest ignition delay and lowest heat release 

rate at the same load condition, owing to largest molecular structure, poorest vaporization, highest viscosity and 

highest cetane number. In addition, the greater Bulk Modulus of biodiesel leads to an advancement in fuel injection 

timing. The smoke intensity of B100, B20 and B7 is increased ascending, because of amount of oxygen contents in 

a molecule. In the same manner, agglomerated ultrafine particles size of PMs gradually reduce from B7 to B100, 

however, nanoparticles size of conventional diesel and biodiesel are not significantly different. 
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