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 Background: In recent years, methyl ester fuels have become the subjects of great 

interest among the alternative fuels due to the rapid increase in petroleum products and 
limited resources. Viscosity of the methyl ester fuels is quite higher than diesel fuel. 

Hence, they can be used more efficiently in low heat rejection engines (LHR). 

Moreover, the application of second law of thermodynamics is essential to get a better 
insight and understanding of energy degradations occur during combustion process. 

Objective: In this present work, the piston, cylinder head, inlet and exhaust valves of a 

slow speed agricultural diesel engine were coated with yttria- stabilized zirconia (Y2O3-
ZrO3) of 450 microns thickness. The test engine was run using diesel and diesel-POME 

blends of varying proportions (90% diesel-10% POME, 80%diesel-20% POME, 70% 

diesel-30% POME). The energy analysis was carried out for brake power, fuel energy 
input, heat lost through engine coolant and exhaust, miscellaneous losses per unit time. 

Tests were conducted on the baseline engine, and then repeated on the coated engine 

and the results were compared. Results: Uncoated diesel and palm oil methyl ester 
(POME) with 80% and 20% (by volume) gave a maximum effective efficiency of 36.78 

% and exergetic efficiency of 26. 18 %. Conclusion: Uncoated Diesel POME (80:20 

volume ratio) blend UCB2 offers better fuel economy with lowest energy consumption 
and highest first and second law efficiencies. 
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INTRODUCTION 

  

 Diesel engines are widely used for their low fuel consumption and better efficiency.  Ever increasing diesel 

consumption, stringent emission norms and large out-flow of foreign exchange have prompted developing 

countries like India to search for a suitable environmental friendly alternative to diesel fuel.  Nabi et.al (2006) 

reported that the present reservation of the petroleum fuel including diesel will deplete at an increased 

consumption rate estimated to be order of 3% per annum.  Vegetable oils have been found to be a potential 

alternative to diesel because, it is renewable due to short carbon cycle period (1-2 years compared to millions of 

year for petroleum fuels), easily available and  environment friendly.  

 Goering et.al (1982) and Bagby et.al (1987) have concluded that vegetable oils hold promise as alternative 

for diesel engines.  But, some previous research works (1990, 1995) indicated that using vegetable oils for diesel 

engines can cause numerous engine-related problems. Agarwal et.al (2001, 2003) reported that high viscosity of 

the vegetable oil leads to poor fuel atomization, which in turn may lead to poor combustion, ring sticking, 

injector chocking, injector deposits, injector pump failure and lubricating oil dilution due to crank case 

polymerization. 

 However, these effects can be reduced or eliminated through transesterification of vegetable oil to form 

methyl ester.  Transesterification process is a relatively expensive chemical process since it involves use of 

chemicals, catalysts and process heat.  Transesterification is the process of producing glycerol and fatty acid 

esters by the reaction of a triglyceride with an alcohol in the presence of a catalyst.  The molecular weight of the 

ester molecule is roughly one-third that of a neat vegetable oil molecule and the ester has a viscosity 

approximately twice that of diesel fuel. 

 In many studies, it has been reported that biodiesel causes significantly lower particulate matter (PM) and 

carbon monoxide (CO) emissions compared with fossil fuels (2006, 2007, 2008).  Silvico et.al (2002) used 
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heated palm oil as fuel in a diesel generator.  This study revealed that the exhaust gas temperature and specific 

fuel consumption increased with an increase in charge percentage.  CO emissions increased at higher loads.  

This was due to lack of oxygen at higher equivalence ratios.  Palm oil NOx emissions were however lower than 

mineral diesel.  Masjuki et.al (2001) used preheated palm oil to run a compression ignition (CI) engine. Better 

spray and atomization characteristics were obtained due to reduction in the viscosity of fuel while preheating it.  

Torque, brake power, specific fuel consumption, exhaust emissions and brake thermal efficiency were found to 

be comparable to that of mineral diesel. 

 Dhinagar and Nagalingam (1993) studied neem oil, rice bran oil and karanja oil on a low heat rejection 

engine.  An electric heater was used to preheat the oil.  Without heating, 1-4 % lower efficiency was reported 

compared to that of mineral diesel.  Although transesterification makes the fuel properties of vegetable oil closer 

to petroleum diesel fuel, the viscosity of vegetable oil esters (bio diesel) is still higher (approximately two 

times)than that of mineral diesel fuel.  Biodiesel can be heated to reduce its viscosity further, so biodiesel can be 

used more efficiently in diesel engines.  The concept of low heat rejection (LHR) engine is believed to be useful 

in this regard.  The increased in-cylinder gas temperature of the LHR engine makes possible the usage of 

biodiesel without preheating.  So the energy of biodiesel can be released more efficiently.  

 Debnath et.al (2013) explored the effect of compression ratio and injection timing on energy and exergy 

potential of palm oil methyl ester and concluded that the higher values of compression ratio increase the shaft 

availability and cooling water availability. Ozkan.M et.al (2013) investigated the influence of the dwell time of 

multiple injection events on the thermal and exergetic efficiencies. 

 There have been many research works (1992, 1994, 1999, 2001, 2005, 2010) about LHR engines and 

biodiesel usage in standard diesel engines.  However, there are only few studies (2008, 2009, 2010, 2013) on the 

usage of biodiesel in LHR engine and energy and exergetic analysis on diesel engines. Combined effect of 

thermal insulation of combustion chamber and the Diesel-POME blends on the effective and exergetic 

efficiency (second law efficiency) was not studied in previous works so far. The objective of the present work is 

to prepare palm oil methyl ester (POME) using transesterification process and to investigate the performance, 

energy balance and exergetic balance of a LHR engine with diesel and diesel- POME blends.  For this purpose, 

a naturally aspirated DI slow speed diesel engine used for agricultural applications is converted in to LHR 

engine by applying thermal barrier coatings composed of a bond coat (NiCrAl- 150 micron thickness) as an 

oxidation resistant layer and partially stabilized zirconia (450 micron thickness) as a top coat that provides 

thermal insulation toward metallic substrate.  The thermal barrier coated engine parts are piston, cylinder head, 

and valves.  

MATERIALS AND METHODS 

 

Straight vegetable oils: 

 The molecular structure of a typical vegetable oil is given below: 

                                    
                                                    

                                                                                      

 

                                                               Fig. 1: Process sequence of transesterification of Palm oil. 

 

 Here R
1
, R

2
 and R

3
 represent straight chain alkyl groups.  Free fatty acids are also found in vegetable oils. 

The large molecular sizes of the triglycerides results in the oils having higher viscosity and low volatility 
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compared to mineral diesel.  Cetane number of vegetable oil is affected by proportion and location of double 

bonds.  Problems associated with vegetable oils during engine test can be classified in to two groups, namely 

operational and durability problems.  Operational problems are related to starting ability, ignition, combustion 

and performance.  Durability problems are related to carbon deposition on injector tip, ring sticking and 

lubricating oil dilution.  It has been observed that the straight vegetable oils when used for long hours tend to 

choke the fuel filter because of high viscosity and insoluble present in the straight vegetable oils.  Blending, 

pyrolysis, transesterification of vegetable oils may overcome these problems.  Heating and blending of 

vegetable oils reduce the viscosity and improve volatility of vegetable oils but its molecular structure remains 

unchanged hence polyunsaturated character remains.  It is found from various investigations that converting 

vegetable oils in to simple esters is an effective way to overcome all the problems associated with the vegetable 

oils.  

 

 
 

Preparation of palm oil methyl ester (POME): 

 The formation of methyl esters by transesterification of vegetable oils requires 3 moles of alcohol 

stoichiometrically.  However, transesterification is an equilibrium reaction in which excess alcohol is required to 

drive the reaction close to completion. A typical layout for transesterification of palm oil is shown in Fig.1.  The 

vegetable oil is chemically reacted with an alcohol in the presence of a catalyst to produce vegetable oil esters. 

Glycerol is the by-product of transesterification reaction.  The chemical reaction of the transesterification 

process is given below: In this study, palm oil methyl ester (POME) and its blends were used as alternative 

diesel fuels. Raw palm oil was esterified by the transesterification method. The crude palm oil was preheated 

using hot water bath with a fixed temperature of 60°C until the crude palm oil contents were in a semi-

transparent, dark brown in colour, and then it was mixed homogeneously by a stirrer.  Simultaneously methanol 

in the molar ratio of 10:1(methanol: oil) is taken and mixed with 1.4(wt %) of KOH and mixed thoroughly until 

it gets dissolved.  Methanol and KOH mixture is mixed with hot palm oil and the entire mixture is stirred 

continuously at 250 rpm for an hour and the temperature is maintained at 60ºC for the entire process.  After the 

specific duration of the reaction finished, heating and agitation were stopped and the reaction’s product was 

allow to settle for 24 hours.  The result of the reaction was two distinct liquid phases (Fig.2) viz., the Palm Oil 

Methyl Ester (POME) or the biodiesel on the top and the second was the denser phase of glycerol. 

 

 
 

Fig. 2: Photographic view of esterification of Palm oil with two distinct liquid phases. 

 

Thermal barrier coating with yytria-stabilized zirconia: 

 Zirconium dioxide (ZrO2) has a monoclinic crystallographic structure at ambient temperatures.  Upon 

raising the temperature the oxide undergoes the phase transitions from monoclinic to tetragonal with transition 

temperature of 1170°C, from tetragonal to cubic with transition temperature of 2370°C and from cubic to liquid 

with transition temperature of 2680°C.  The transformation from tetragonal to monoclinic phase with decreasing 

temperature at approximately 1170°C is quite disruptive and renders pure ZrO2 unusable as a high-temperature 

structural ceramic.  This disruption is caused by a 6.5% of volume expansion due to phase transformation from 

tetragonal to monoclinic could cause structural failure of any ceramic coating [30].  However, ZrO2 forms solid 

solution with oxides such as CaO, MgO, Y2O3. 
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 Zirconia Coating On Engine Components: 

 This solid solution, doped with Y2O3 behaves quite differently from the pure ZrO2 as the high temperature 

phases, tetragonal and cubic; tend to be stabilized at temperatures lower than 1170°C and 2370°C, respectively.  

Hence addition of 6% mole fraction of Y2O3 or less generates partially stabilized zirconia (PSZ) which consists 

of the cubic matrix with dispersed tetragonal or monoclinic precipitates or both. 

 
Table 1: Coating materials and the parameters of plasma spray. 

Coating powder Y2O -ZrO2 

Voltage (V) 64-70 

Current (Amp) 500 

Inert gas Nitrogen 

Spray distance (mm) 100-150 mm 

Composition of powders 
(wt.%) 

Zirconium oxide: 93.0 
Yttria : 7.0 

Melting point (°C) 2327 

 

 In the present study, the conventional combustion chamber of a diesel engine was insulated with yttria 

stabilized zirconia of 0.45 mm thickness.  Figure 3 shows the photographic view of insulated engine 

components.  Cylinder head, piston, exhaust and inlet valves of the diesel engine used in the tests were coated 

with yttria stabilized zirconia (Y2O3-ZrO2) using atmospheric plasma spray method.  Table 1 shows the coating 

materials and the process parameters of the plasma spray coating. The thickness of coating was selected as 0.45 

mm, within the optimum range (Muchai JG et.al 2001) of thickness 0.1 to 1.5 mm.  Cylinder liner was not 

coated because of very negligible area.  Combustion chamber geometry was maintained by machining the 

components before ceramic coating. 

 

 
 

Fig. 3: Photographic view of the yttria stabilized. 

   

Experimental methodology: 

 It becomes increasingly important to understand the mechanisms which degrade energy resources, and to 

develop systematic approaches for improving the performance of the engines and to reduce the impact on the 

environment. This can be accomplished by applying both the first and second laws of thermodynamics, which 

are the standard measure to understand the behavior of an engine. Energy analysis is used to identify areas of the 

real losses of heat energy in an engine. The exergy analysis uses the conservation of mass and energy principles 

along with the second law of thermodynamics. In a diesel engine, the first law gives the losses through coolant 

and exhaust gases of the engine. But on comparison with exergy analysis, the actual exergy loss is insignificant 

compared to the thermodynamic losses within the engine (Najem A.L.N.M and Diab, J.M.1992) 

 Sequential events occurring in an engine can be identified as fuel and air entrainment, combustion, 

conversion of chemical energy into mechanical work, heat loss through coolant, friction, radiation, surroundings 

and exhaust gas. The combustion air and exhaust gases are assumed to be ideal gas mixtures and their potential 

and kinetic energy changes are neglected. The basic equations for the analysis are as follows; 

 

Energy balance analysis: 

 The test engine was considered as a steady state open system. In that control volume, air and fuel enter, and 

mechanical work, heat loss through coolant and exhaust gases leave the control volume at a constant rate. Air 

and exhaust gases are assumed to be ideal gas mixtures. The effects of potential and kinetic energy were 

neglected.  

 The energy balance equation can be written as  

Qi = Wb +Qw +Qexh +Qun                               (1) 

The terms in the equation 1 are explained as follows: 

The fuel energy input (Qi) is 
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Qi = 𝑚 f × QLHV                                        (2) 

Where 𝑚 f  is the mass flow rate of fuel and QLHV is the lower heating value of the fuel. 

The brake power output delivered by the engine was calculated by the equation 

Wb =  T                    (3) 

 
Table 2: Test engine specifications.                                                                   

  Item Specification 

Type of engine AVL-8Anil Engine 

Number of Strokes 4 

Number of cylinders 1 

Cylinder position Vertical 

Bore/stroke (mm) 114.3/139.7 

Maximum Power (kW) 5.9 

Rated speed(RPM) 850 

Fuel type Diesel 

Type of injection DI 

Type of coolant Water 

 
Table 3: Test fuel properties. 

Properties Diesel POME 

Molecular formula C12H26 C18.07H34.93O2 

Lower heating value (MJ/kg) 42 39.84 

Density (kg/m3) 840 870 

Molecular weight(g/mol) 170 284.2 

Cetane number 45-55 50-65 

Flash point(°C) 75 130 

Fire point (°C) 85 185 

Viscosity (centistoke) 4.59 5.22 

Stoichiometric air fuel ratio 14.92 12.52 

                                                                                                                               

 

 The brake mean effective pressure (BMEP) was calculated using the relation 

Pe = 
(30,000 𝜏 𝑊𝑏)

V𝑑𝑖𝑠𝑝  N i
  × 10

-5
 [bar]                     (4) 

 Where 𝜏 - no of strokes;   𝑊𝑏  - power output in kW;   V𝑑𝑖𝑠𝑝  - displacement volume in m
3 

    N – engine speed in min
-1

 ;   i – number of cylinders 

 The amount of heat, which is carried away by the cooling water (Qw), is given by 

Qw = 𝑚 w×Cpw ×Tw                                 (5) 

 Heat lost in the exhaust gas was calculated as follows 

Qexh = (𝑚 f + 𝑚 a) × Cpg × (Tg –Ta)             (6) 

 Where Cpg is the average specific heat of the exhaust gases,   Tg  is the exhaust gas  

temperature and  Ta is the ambient temperature. 

 The unaccounted heat loss (Qun) was found out by the following equation 

Qun = Qi – (Wb+ Qw+ Qexh)                      (7) 

ƞt = 
𝑊𝑏

𝑄𝑖
                            (8) 

 The fuel conversion efficiency of the engine was calculated based on the equation (8)  

 Brake specific energy consumption (BSEC) is given by the relation bsfc × LHV 

 

Exergy analysis: 

 Assumptions made in the case of energy analysis were valid for exergy analysis. In carrying out the exergy 

analysis,  

 The net exergy work rate is equal to the net energy work rate 

 ψw = Wb                                                    (9) 

 The input exergy rate includes only the chemical exergy of the fuel, because the combustion air entering the 

control volume is very near the reference state, its thermo mechanical exergy is equal to zero. The thermo 

chemical exergy (fuel exergy input) was calculated using the following equation  

ψi = 𝑚 𝑓  × εf   kW          (10) 

 Specific exergy of the fuel (εf) is given by 

 εf   = QLHV ×φ                                                               (11)     

 The chemical exergy factor for the fuel (φ) was calculated by the following equation used by most of the 

previous works for liquid fuels. 

       

 φ =1.0401 + 0.1728 
ℎ

𝑐
  + 0.0432 

𝑜

𝑐
   + 0.2169 

𝑠

𝑐
    1 − 2.0628

ℎ

𝑐
                                                                        (12)    
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 where h, c, o and s  are the mass fractions of hydrogen, carbon, oxygen and sulphur, respectively. 

 The reaction equations of diesel and POME can be written as follows with an assumption of complete 

combustion; 

 

C12H26 + 18.5 O2 + 69.56 N2                          12 CO2 + 13 H2O + 69.56 N2                             (13) 

 

C18.07H34.93O2 + 25.8025 O2 + 97.0174 N2                      18.07 CO2 + 17.465 H2O + 97.0174 N2                        

              (14) 

 

 Cooling water exergy (ψc) was found by the following equation  

 

ψc = Qw - [𝑚 w × Cpw × Ta × ln (Tcw o/Tcwi)],       kW                                                      (15) 

Exhaust gas availability (ψex): 

ψex = Qexh + [(𝑚 f + 𝑚 a) × Ta × {Cpg ln (Ta/Tg) – R × ln (pa /pe)}] ,    kW                                                           (16) 

 Specific gas constant (R) of the exhaust gas and the molecular weights of the combustion products for 

diesel fuel, POME fuel and blends of both were calculated using the equations (13) and (14) taking complete 

combustion of the fuels in to account. 

 

Availability destructed (ψd) was calculated by  

ψd = ψi – (ψw + ψc + ψex), kW          (17) 

 

 The entropy production rate, is the ratio of the destructed exergy rate to the reference temperature. 

Assessing the component performance by entropy generation rate is a new technique and was found out by the 

following equation  

 𝑆  = 
𝜓𝑑

𝑇𝑜
     ,     kW/K          (18) 

 

 where, 𝑇𝑜  is the temperature of the environment at dead state 

 The exergy efficiency ( η
𝐼𝐼

)  can be defined as the ratio of work exergy over total input chemical exergy. 

η
𝐼𝐼  =  

𝜓𝑤

𝜓 𝑖
                                                                                                    (19) 

 

Experimental Analysis: 

 The performance, energy balance and exergy balance tests were conducted for the following fuel modes of 

operation: 

- UCD [Uncoated engine with Diesel fuel] 

- UCB1 [Uncoated engine with Diesel (90% by Vol) POME (10% by Vol) blend]  

- UCB2 [Uncoated engine with Diesel (80% by Vol) POME (20% by Vol) blend] 

- UCB3 [Uncoated engine with Diesel (70% by Vol) POME (30% by Vol) blend]  

- CD  [Coated engine with Diesel fuel] 

- CB1 [Coated engine with Diesel (90% by Vol) POME (10% by Vol) blend] 

- CB2 [Coated engine with Diesel (80% by Vol) POME (20% by Vol) blend] 

- CB3 [Coated engine with Diesel (70% by Vol) POME (30% by Vol) blend] 

 on a single cylinder, four stroke slow speed diesel engine with direct injection type fuel injection system 

predominantly used for agricultural purpose. The test engine specifications are provided in Table.2. A 

mechanical type rope brake dynamometer was used to apply the various loads on the engine. Two separate tanks 

for the diesel fuel and Diesel-POME blends were used to supply the fuel to the engine. Table.3 gives the 

comparison between standard Diesel fuel and POME. Fuel consumption of the engine was measured by 

counting the time required to consume a constant mass of diesel fuel of 10 cm
3
. Figure.4 shows schematic 

representation of the experimental set-up. The K-Type thermocouples were used in all the temperature 

measurements. An air box is used with orifice plate for the measurement of air flow. Rotometer is used to flow 

the measurement of coolant flow. The engine was run at 850 rpm (rated speed) with no load and brake torques 

of 12.67 Nm, 25.34 Nm, 38 Nm, 50.67 Nm and 63.34 Nm.   
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Fig. 4: Schematic representation of the experimental set-up. 

 

RESULTS AND DISCUSSION 

 

 The effective efficiency of the various fuel modes are presented in Fig.5. UCB2 Mode of fuel operation 

gives the maximum efficiency of 36.78% (@ BMEP 4.44 bar). At low loads, all the fuel modes of operations 

varies within 10 -15%. As seen on Fig.5 coated engine with 80% diesel and 20%POME (CB2) gives the least 

efficiency (26.98%) at full load.It is believed that higher viscosity and lower heating value of the blend cause 

this situation. On the other hand coated diesel (CD) mode of operation results with higher brake thermal 

efficiency than the base line engine diesel operation. An increase of 3.17% obtained in the effective efficiency is 

due to the heat transferred via the combustion chamber parts decreased by the ceramic coating and the 

temperature of the combustion chamber increased. Consequently, combustion was improved and this increase in 

effective efficiency occurred. 

 Specific energy consumption (SEC) decreases with an increase in engine load (Fig.6). For each engine load, 

the brake specific energy consumption increases with the proportion of POME in the Diesel-POME blend. CB2 

and CB3 fuel mode operations (wherein the proportion of POME is maximum) result with maximum energy 

consumption at all loads. A lower heating value of the palm oil ester is the main reason for the increase in 

specific energy consumption.  

 

 
 

Fig. 5: Effect of BMEP on effective efficiency for test fuels. 
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Fig. 6: Variation of specific energy consumption for test fuels 

 

 On the other hand, uncoated Diesel POME (80:20 volume ratio) blend UCB2 offers better fuel economy 

with a lowest energy consumption of 9.894 MJ/kW-hr. Difference in the maximum specific energy value and 

minimum specific energy at full load is reduced to half of that in the part load. This indicates that at maximum 

brake mean effective pressure almost all the modes of operations give a closer values.  

 

 
Fig. 7: Effect of BMEP on Mechanical efficiency for test fuels. 

 

 
Fig. 8: Variation of Volumetric efficiency for test fuels. 
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   This decrease in the stiffness of the curves at the full load is due to the amount of useful work increased while 

other losses decreased.   

                                                                                                                              

 Figure.7 shows that blend 1 (90% Diesel and 10% POME) both in coated and uncoated conditions have a 

minimum level of frictional losses with a maximum efficiency of It is also seen from the Fig.7 that there is an 

increase of about 10% in mechanical efficiency for the 90:10 diesel POME blend than the 70:10 diesel POME 

blend at all loads. Uncoated Blend 3(UCB3) has the least mechanical efficiency at all loads due to the presence 

of higher amount of POME in the blend. As the mean effective pressure increases the work delivered and in 

cylinder temperature also increases. Due to increase in lub oil temperature, oil density deceases and results in 

reduced frictional losses. From fig.8, it is found that uncoated modes of operations (UCD, UCB1) give higher 

breathing ability at high loads because of lower operating temperature. Overall behavior of the engine in 

inducting the air for combustion is decreasing and increasing randomly but within the range of 74.5 % to 90.1 

%. It is obvious from figure 9 that the thermal insulation of the combustion chamber with zirconia coating 

increases the heat lost through the exhaust gas. This increase in exhaust gas temperature is due to the less 

premixed burning and longer combustion duration in ceramic coated engine.  

 

 
 

Fig. 9: Exhaust gas temperature for test fuels. 

 

 
 

Fig. 10: Energy balance at part load for test fuels. 

 

 During the period of later stage of combustion most of the fuel energy in the insulated engine is retained in 

the expanding gases with reduced in cylinder heat transfer loss causing increase in exhaust gas temperature. 
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Table 4: Results of Energy analysis. 

 

Fuel BMEP(bar) Qi (kW) Wb(kW) Qcw(kW) Qexh(kW) Qun(kW) Effective 

Efficiency (ηe) 

UCD 0 3.99 0 0.834 1.301 1.855 0 

1.1105 7.3967 1.1275 1.251 1.657 3.362 15.25 
2.2209 7.7234 2.2549 1.807 2.065 1.597 29.2 

3.3312 9.8584 3.3823 2.085 2.455 1.937 34.31 

4.4417 13.65 4.5098 2.502 3.102 3.537 33.04 
5.552 17.745 5.6372 3.058 3.47 5.58 31.77 

UCB1 0 4.2245 0 1.251 1.45 1.524 0 

1.1105 8.8667 1.1275 1.529 1.899 4.312 12.72 
2.2209 10.1433 2.2549 1.946 2.455 3.488 22.24 

3.3312 11.8261 3.3823 2.363 2.498 3.583 28.61 

4.4417 15.4238 4.5098 2.641 2.761 5.512 29.24 
5.552 19.7063 5.6372 3.058 3.255 7.757 28.61 

UCB2 0 4.2379 0 1.112 1.433 1.693 0 

1.1105 7.5635 1.1275 1.668 1.917 2.851 14.91 

2.2209 9.1108 2.2549 1.946 2.331 2.579 24.75 
3.3312 11.1085 3.3823 2.224 2.641 2.862 30.45 

4.4417 12.2632 4.5098 2.641 2.901 2.212 36.78 

5.552 15.4502 5.6372 2.919 3.673 3.221 36.49 

UCB3 0 4.2384 0 1.112 1.714 1.413 0 

1.1105 8.6721 1.1275 1.529 2.402 3.614 13.01 

2.2209 10.7625 2.2549 1.807 2.942 3.759 20.96 
3.3312 11.8422 3.3823 2.224 3.144 3.092 28.57 

4.4417 14.8056 4.5098 2.78 3.477 4.039 30.47 

5.552 16.9191 5.6372 2.919 3.634 4.729 33.32 

CD 0 5.2267 0 0.556 1.573 3.098 0 

1.1105 8.4584 1.1275 1.112 2.269 3.95 13.34 

2.2209 10.15 2.2549 1.807 2.807 3.282 22.22 
3.3312 11.83 3.3823 2.363 3.473 2.612 28.6 

4.4417 13.65 4.5098 2.641 3.646 2.854 33.04 

5.552 16.135 5.6372 3.058 3.652 3.788 34.94 

CB1 0 6.3367 0 0.417 1.489 4.431 0 
1.1105 8.4489 1.1275 0.973 2.145 4.204 13.35 

2.2209 11.4431 2.2549 1.529 3.009 4.651 19.71 

3.3312 13.6482 3.3823 2.085 3.374 4.807 24.79 
4.4417 16.1318 4.5098 2.502 4.054 5.066 27.96 

5.552 18.6734 5.6372 2.919 3.962 6.156 30.19 

CB2 0 5.5543 0 1.112 1.757 2.686 0 
1.1105 9.6073 1.1275 1.668 2.773 4.039 11.74 

2.2209 12.6904 2.2549 2.085 2.914 5.437 17.77 

3.3312 15.4502 3.3823 2.502 3.646 5.92 21.9 
4.4417 18.7065 4.5098 2.919 4.293 6.985 24.11 

5.552 20.9005 5.6372 3.336 4.047 7.881 26.98 

CB3 0 5.5593 0 0.417 2.062 3.081 0 

1.1105 11.1071 1.1275 1.668 2.591 5.721 10.16 
2.2209 12.6922 2.2549 1.807 3.034 5.597 17.77 

3.3312 14.2084 3.3823 2.641 3.524 4.662 23.81 

4.4417 17.7576 4.5098 2.919 4.224 6.105 25.4 
5.552 19.7332 5.6372 3.336 4.075 6.685 28.57 

 

 
Fig. 11: Energy balance at full load for test fuels. 
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Fig.12: Exergetic destruction for test fuels. 

 

 
 

Fig.13: Entropy generation for test fuels. 

 

 

 The distributions of energy per unit time in various ways are shown in Table 4. The average fuel energy 

input is 18.157 kW at maximum load. A portion of this input energy is converted as shaft power (5.637 kW).  

An amount of 3.075 kW of energy is lost in engine coolant and 3.721 kW of energy is wasted in engine exhaust 

gas. The remaining amount of energy (5.724 kW) is lost due to friction, radiation heat transfer to the 

surroundings. Both in part load (3.33 bar of BMEP) and full load (5.55 bar of BMEP) POME blends with diesel 

(CB1, CB2 and CB3) coated engine have the higher level of heat loss in engine coolant, exhaust gas and 

unaccounted losses (Fig 10 & Fig 11). Excessive oxygen molecule lowers the calorific value of the POME. The 

peak temperature was higher and the peak pressure was lower using POME. So, the heat losses from the POME 

fuelled engine were higher than the diesel fuelled engine. 

 The findings of second law (exergy) analysis are given in the Table 5. There is maximum difference of 

5.4259 kW among the average values of the exergy input rates of the fuels. For the part load operation of UCB2 

fuel mode (with maximum exergetic efficiency of 26.18 %), the average of the fuel chemical exergy input is 13. 

987 kW. Out of that 24.18% of input exergy (3.3823 kW) left the control volume as exergetic work. 59.19% of 

the input exergy (8.279 kW) have been destructed (Fig.12) in the control volume during combustion process in 

the engine cylinder. 8.7 % of exergy input (1.223 kW) is lost through the coolant and 11.91% (1.667kW) is lost 

through exhaust gas. Entropy destructed represented in the figure 13 shows the similar trend to the availability 

destructed because it is the measure of destructed availability with reference to the dead state of the system. 

 Figure 14 and Figure 15 shows the comparison between the first law (brake thermal or effective) efficiency 

and second law efficiency (exergetic efficiency) for the various fuel modes at part load and full load conditions. 

UCD mode of operation gives a maximum exergetic efficiency of 24.25% at part load while UCB2 mode of 

operation gives 25.98% at full load. A maximum difference of 10.51% between effective efficiency and 

exergetic efficiency occurs for UCB2 mode and a minimum difference of 2.91% occurs with the coated engine 

run by diesel POME blend of 70% and 30% (by volume) respectively. 
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Table 5: Results of Exergy analysis. 

 

Fuel BMEP(bar) ψi (kW) ψw (kW) ψc (kW) ψex (kW) ψd (kW) 𝑆   (kW/K) ηII (%) 

UCD 0 5.64386 0 0.4836 0.8055 4.3548 0.0146134 0 

1.1105 10.46787 1.1275 0.7279 1.0701 7.5424 0.0253101 10.78 

2.2209 10.92532 2.2549 1.0561 1.3523 6.2621 0.0210138 20.64 
3.3312 13.94924 3.3823 1.2213 1.6377 7.708 0.0258658 24.25 

4.4417 19.30793 4.5098 1.4705 2.1038 11.2239 0.0376641 23.36 

5.552 25.10031 5.6372 1.805 2.3833 15.2749 0.0512581 22.46 

UCB1 0 5.95913 0 0.7279 0.9147 4.3166 0.014485235 0 

1.1105 12.50122 1.1275 0.8916 1.2441 9.2381 0.031000336 9.02 

2.2209 14.2972 2.2549 1.1387 1.6387 9.2649 0.031090268 15.78 
3.3312 16.67026 3.3823 1.3873 1.6887 10.212 0.034268456 20.29 

4.4417 21.74023 4.5098 1.5539 1.8862 13.7904 0.04627651 20.75 

5.552 27.77591 5.6372 1.805 2.2418 18.092 0.060711409 20.3 

UCB2 0 5.95641 0 0.6463 0.9119 4.3983 0.0147594 0 

1.1105 10.6281 1.1275 0.9738 1.246 7.2808 0.0244322 10.61 

2.2209 12.80044 2.2549 1.1387 1.547 7.8599 0.0263755 17.62 
3.3312 15.60929 3.3823 1.3042 1.778 9.1448 0.0306872 21.67 

4.4417 17.22687 4.5098 1.5539 1.9746 9.1886 0.0308342 26.18 

5.552 21.70585 5.6372 1.7211 2.5435 11.8041 0.0396111 25.98 

UCB3 0 5.93602 0 0.6463 1.0909 4.1989 0.01409027 0 

1.1105 12.15002 1.1275 0.8916 1.5838 8.5472 0.02868188 9.28 
2.2209 15.07459 2.2549 1.0561 1.9855 9.7781 0.03281242 14.96 

3.3312 16.5861 3.3823 1.3042 2.1387 9.7609 0.0327547 20.4 

4.4417 20.73842 4.5098 1.6374 2.4158 12.1755 0.04085738 21.75 
5.552 23.69774 5.6372 1.7211 2.5365 13.803 0.04631879 23.79 

CD 0 7.39643 0 0.3216 1.0012 6.0737 0.020382 0 

1.1105 11.96498 1.1275 0.6463 1.5009 8.6903 0.029162 9.43 
2.2209 14.35916 2.2549 1.0561 1.8847 9.1635 0.03075 15.71 

3.3312 16.73552 3.3823 1.3873 2.3689 9.5971 0.032205 20.22 

4.4417 19.30793 4.5098 1.5539 2.5227 10.7216 0.035979 23.36 
5.552 22.82494 5.6372 1.805 2.5538 12.829 0.04305 24.7 

CB1 0 8.93281 0 0.241 0.9518 7.7401 0.02597349 0 

1.1105 11.91238 1.1275 0.5648 1.4104 8.8097 0.02956275 9.47 
2.2209 16.12852 2.2549 0.8916 2.0368 10.9453 0.03672919 13.99 

3.3312 19.23763 3.3823 1.2213 2.3127 12.3214 0.04134698 17.59 

4.4417 22.74127 4.5098 1.4705 2.8411 13.9199 0.04671107 19.84 
5.552 26.32146 5.6372 1.7211 2.7955 16.1677 0.05425403 21.42 

CB2 0 7.80757 0 0.6463 1.1313 6.03 0.020235 0 

1.1105 13.50119 1.1275 0.9738 1.8425 9.5574 0.032072 8.36 
2.2209 17.82835 2.2549 1.2213 1.9828 12.3694 0.041508 12.65 

3.3312 21.70585 3.3823 1.4705 2.5227 14.3304 0.048089 15.59 

4.4417 26.27827 4.5098 1.7211 3.0269 17.0205 0.057116 17.17 
5.552 29.36158 5.6372 1.9733 2.8602 18.8909 0.063392 19.2 

CB3 0 7.78922 0 0.241 1.3401 6.2082 0.02083289 0 

1.1105 15.56106 1.1275 0.9738 1.7235 11.7363 0.03938356 7.25 
2.2209 17.7791 2.2549 1.0561 2.0555 12.4126 0.04165302 12.69 

3.3312 19.90448 3.3823 1.5539 2.429 12.5393 0.04207819 17 

4.4417 24.87336 4.5098 1.7211 2.9728 15.6697 0.05258289 18.14 
5.552 27.64157 5.6372 1.9733 2.886 17.1451 0.05753389 20.4 

 

 
Fig. 14: Comparison between effective efficiency and exergetic efficiency at part load and full load. 



351                                                                         B. Karthikeyan et al, 2014 

Australian Journal of Basic and Applied Sciences, 8(13) August 2014, Pages: 339-352 

  
 

Conclusions: 

 In this experimental work, the combustion chamber of a conventional diesel engine has been modified in to 

a low heat rejection engine and run with diesel and blends of diesel and palm oil methyl ester (POME) with 

three different proportions to identify the combined effect on the performance and energy and exergetic balance. 

The following conclusions may be drawn from the present work: 

1. Uncoated engine with diesel POME blend in the ratio of 80%-20% by volume (UCB2) Mode of fuel 

operation gives the maximum brake thermal (effective) efficiency of 36.78% at BMEP of 4.44 bar. 

2. CB2 and CB3 fuel mode operations (wherein the proportion of POME is maximum) result with maximum 

energy consumption at all loads. 

3. Uncoated Diesel POME (80:20 volume ratio) blend UCB2 offers better fuel economy with a lowest energy 

consumption of 9.894 MJ/kW-hr. 

4. Both in part load (3.33 bar of BMEP) and full load (5.55 bar of BMEP) POME blends with diesel (CB1, 

CB2 and CB3) coated engine have the higher level of heat loss in engine coolant, exhaust gas and unaccounted 

losses. 

5. Maximum exergetic (second law) efficiency of 26.18% is obtained by the fuel mode UCB2 with an average 

fuel chemical exergy input of 13. 987 kW. 
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Nomenclature: 

Qi  - fuel energy input , kW 

Wb – brake power output, kW 

Qw – heat lost in engine coolant, kW 

Qexh – heat lost in exhaust gas, kW 

Qun – unaccounted losses, kW 

  - angular velocity of the crankshaft , sec
-1

 

QLHV – lower calorific value, MJ/kg 

Cpg - average specific heat of the exhaust gases, kJ/kg-K 

 Tg   - exhaust gas temperature, K 

 Ta - ambient temperature, K 

𝑚 𝑓  – mass flow rate of fuel, kg/sec 

ψw  - net exergy work rate, kW 

εf – specific exergy of the fuel, kW 

φ - exergy factor for the fuel  

ψex - exhaust gas availability , kW 

ψc  - cooling water exergy , kW 

ψd  -availability destructed, kW 

𝑆  - entropy generation, kW/K 

η
𝐼𝐼

 - second law efficiency 

 


