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Abstract 
 

In this work, the first and second laws of thermodynamic analyses were carried out on Kirloskar direct injection, variable compression 

ratio (VCR) engine at four different charge air temperatures (CAT) and exhaust gas recirculation (EGR) mode. Performance, emission 

and combustion characteristics along with exergy analysis of ternary test fuel of 60 % diesel + 30 % bael oil + 10 % diethyl ether (DEE) 

were performed. Various exergy components are identified and calculated individually with the percentage of engine load at 1500 rpm. 

When operating the diesel engine with 47 °C CAT, brake thermal efficiency (BTE) is improved to 29.33 %, carbon monoxide (CO), 

hydrocarbon (HC), and emissions have been reduced by 8.57 %, 4.28 % and 6.01 % at peak engine load. The oxides of nitrogen (NOx) 

have been reduced by 20.12 % at 100 % engine load for 30 % EGR mode. The maximum exergy efficiency of 54.61 % has been ob-

served at full engine load for the 47 °C CAT.  
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1. Introduction 

Direct injection (DI) diesel engines are commonly used for 

automotive, transportation, industrial and agricultural applica-

tions for the reason of their higher fuel conversion, thermal 

efficiencies and easy operation [1, 2]. The diesel engines are 

suited for vegetable oils and their esters as they have lower 

emission level with comparable thermal efficiency [3]. How-

ever, the vegetable oils have high viscosity that leads to poor 

atomization and inefficient combustion [4, 5]. The kinematic 

viscosity of vegetable oils does not meet the diesel fuel stan-

dards prescribed by ASTM, which is 2-3.6 mm
2
/sec at 40 °C 

but the vegetable oils have 10-15 times of fossil diesel viscos-

ity, which can be reduced by the microemulsion process [6]. 

The vegetable oil viscosity can be reduced by preheating of oil 

before the injection or by blending with lower viscosity and 

volatile fuels such as diesel, ethanol, diethyl ether [7, 8]. 

Thermodynamic first and second laws are applied simultane-

ously in order to improve the performance, combustion and 

emission behavior for the internal combustion (CI) engine [9, 

10]. In the second law analysis, exergy is a key concept; 

which is used to indicate the available and unavailable energy 

[11, 12]. Such analysis is of meticulous significance because 

this analysis reveals features of the combustion process that 

cannot be captured by its first law counterpart; such as the 

detail obtained during the combustion process up to 30 % of 

fuel availability can be destroyed [13]. Abassi et al. [14] in-

vestigated the research work of the CAT effect. They con-

cluded that both the BTE and BSFC decreased slightly with 

the effect of CAT, which could be attributed to higher heat 

loss. Contrasting energy, exergy can be destroyed, which is an 

effect of various phenomena such as combustion, throttling, 

mixing and etc [15-17].   

The useful mechanical work in the IC engines has been im-

proved by reducing the inefficient use of fuel availability that 

is the destruction of availability [18, 19]. Pan et al. [20] inves-

tigated the effect of the CAT. The research work shows that 

an increase in the inlet air temperature can improve the engine 

performance and but increase oxides of nitrogen (NOx) and 

reduce the soot emissions. Kumar et al. [21] investigated the 

effect of EGR and injection timing on performance and emis-

sion behavior of CI engine. They concluded that NOx reduced 

12.4 %, opacity lowered 100 % and BSFC increased 2.9 % 

compared to that of neat diesel in naturally aspirated diesel 

engine [22]. NOx emissions gradually reduced with EGR rates 

up to 30 % further increase in EGR drastically increased the 

smoke opacity. The engine will become anxious along with 

heavier smoke exposed at the position once the DEE portion 
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increased more than 24 % [23, 24].  

Few researchers have conducted experiments with vegeta-

ble oil blends in diesel engines. But no one tried the EGR and 

charge air temperature effects in compression ignition engines 

with bael oil blends. This investigation analyses the influence 

of the charge air temperature and exhaust gas recirculation on 

the availability analysis, performance, emission and combus-

tion characteristics under a steady-state operating condition 

with ternary test fuel at 1500 rpm engine speed. The exergy 

examination of CI engine is accompanied by maximizing the 

work availability and by decreasing the destroyed availability 

[3, 9]. 

 

2. Materials and methods 

Aegle marmoles (bael) tree is cultivated all over India, pre-

dominantly within sanctuary gardens due to the position as a 

sanctified tree; likewise northern Malaya and Srilanka [3]. The 

properties of bael oils are iodine value – 94 mg iodine/g (it 

belongs to monounsaturated vegetable oil); higher heating 

value (HHV) – 40040 J/kg; saponification value - 0.205 

g/KOH; lower heating value (LHV) – 36300 J/kg [25]. The 

DEE of 99 % purity purchased from neighborhood business 

enterprise agent. Bael oil is mixed with diesel and DEE fuel in 

a blender device and stirred using an electromagnetic agitator 

at 500 rpm for 20 minutes and left for 30 minutes to accom-

plish equilibrium with ambient temperature before the ex-

perimental trial. 

 

2.1 Fuel properties 

First of all, the fuel properties of different fuel blends in-

cluding kinematic viscosity, and density are determined in line 

with ASTM D-445 and ASTM D-1298 standards, respectively. 

The redwood viscometer has been used to determine the ki-

nematic viscosity of liquid fuels [3]. The properties of diesel, 

bael oil, DEE and its blends are specified in Tables 1 and 2.  

 

2.2 EGR system 

The exhaust gases from the exhaust pipe were allowed to 

enter into the EGR system at 5 meters away from the engine. 

A piping arrangement of 8 meter length was connected to the 

exhaust line. The temperatures of the exhaust gases are en-

sured that their temperatures are approximately equal to the 

ambient air temperature before the suction manifold without 

any cooling system [26]. A control valve was fitted with the 

pipeline, which controls the exhaust gas flow rate and regu-

lates the mixture of exhaust gases with fresh air inducted into 

the inlet manifold [27]. The fluctuations of the exhaust flow in 

the exhaust pipe were reduced by the pulse reducer. The K-

type thermocouple was used to measure the temperature of 

charge mixture before the inlet of the engine cylinder [28, 29]. 

The ‘U’ tube manometer was used to measure the pressure 

difference and to obtain the volume of air replaced by exhaust 

gases on a volumetric basis. The % EGR was calculated using 

the following equation [26]; 

 

% EGR = (volume of air without EGR - volume of air with 

EGR)/ (volume of air without EGR) ×100. 

 

2.3 Charge air temperature (CAT) 

The heating of the intake air helps to reduce the engine 

warm up time, emissions like HC, CO and opacity, and im-

prove the fuel economy [14, 30]. In the air flow circuit, a coil 

type electric heater is mounted with temperature measuring 

device and controls the temperature of charge air temperature 

by the power supply to the heater. For the ideal heating, the air 

entering the inlet manifold is about 55 °C [22]. The heating of 

charge air temperature more than 55 °C reduces combustion 

efficiency and NOx emissions [21, 31]. This is due to the ex-

pansion of air during the preheating, diminishing the volumet-

ric efficiency and the oxygen molecules in the inlet charge 

[20]. From the literature study, the experiments were carried 

out 27 °C to 57 °C. 

 

2.4 Experimental setup and procedure 

The Kirloskar VCR engine has been used for the test and 

technical specifications are given in Table 3. Fig. 1 shows the 

schematic diagram of the experimental setup. The charge air 

temperature is varied by 27 °C, 37 °C, 47 °C, 57 °C and the 

EGR is varied by 0 %, 10 %, 20 %, 30 % volume fractions [1, 

32]. The CAT varied while the EGR maintained at 0 % and 

EGR rate varied while CAT maintained at 27 °C. Few re-

searchers concluded that the better vegetable oil blends for the 

compression ignition engines. From the literature survey we 

took 60 % diesel + 30 % bael oil + 10 % diethyl ether ternary 

Table 1. Properties of diesel, bael oil and DEE. 
 

Property Diesel Bael oil DEE 

Chemical structure C16H34 C18H36O2 C2H5OC2H5 

Density (kg/m3) 830 896 713 

Viscosity (cS) 2.7 24.3 0.23 

Auto ignition point (°C) 200-400 < 370 160 

Cetane number 50 51.7 > 125 

Boiling point (°C) 180-330 298 35 

Pour point (°C) -20 -5 -110 

Lower heating value  

(MJ/kg) 
42.8 36.3 33.9 

Stoichiometric A/F ratio 14.9 12.4 11.1 

 

Table 2. Properties of fuel blends. 
  

Blend 
Kinematic 

viscosity (cS) 

Density in kg/m3at  

32 °C 

Calorific value 

(MJ/kg) 

60+30+10 8.12 838 40.476 
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blend for the experimental work [3-5]. The VCR engine has 

been operated at different engine loads (0 %, 25 %, 50 %, 

75 % and 100 % of maximum engine load) and 1500 rpm [3, 

14]. The engine is linked to eddy current dynamometers with 

proper arrangements in order to provide the load to the en-

gines. CO, CO2, HC and NOx emissions were calculated by 

the support of Exhaust gas analyzer AVL DI 444 model (Ta-

ble 4). Smoke opacity is measured with the support of Smoke 

meter AVL437C (Table 5). The piezoelectric transducer is 

located in the cylinder head with the water-cooling system and 

it is used to measure the cylinder gas pressure. Piezoelectric 

pressure transducers are appropriate for measuring dynamic 

and quasi-static, highly dynamic pressure curves or pulsations. 

The signals from crank angle encoder and charge amplifier are 

acquired with data acquisition system (DAQ). The apparatus 

is ideal for test, control, and design applications together with 

transportable data logging, field monitoring, and in-vehicle 

data acquisition. The combustion analyses data are usually 

represented on the basis of degree (°) of crank angle. The 

crank angle encoder provides an angle and TDC correlation, 

essential for the calculation of any crank angle based conse-

quence associated with a combustion cycle. The water flow 

was adjusted to 250 liters per hour for engine cooling accord-

ing to the information given by engine manufacturer. 

 

3. First law analysis 

The fuel incorporates energy on its chemical composition 

and oxidized with oxygen or air in IC engine. According to 

the first law, we can calculate the cooling water availability 

from the coolant inlet and outlet temperature, and the exhaust 

gas availability from the exhaust gas thermocouple measure-

ments. The IC engine can consider as a control volume (sur-

rounded by control surface) than the energy flows from and to 

the engine as follows: 

The steady flow first law analysis equation [3] for this con-

trol volume will be 

 

s
Q =

shaft
P +

w
Q +

eg
Q + .

miss
Q  (1) 

 

The terms of Eq. (1) are explained below. 

The energy supplied by fuel (
s

Q ) to the diesel engine given 

by,  

 

s
Q =

f LHV
m Q×  (2) 

 

where 
 f

m  is the mass flow rate of fuel supplied to the engine, 

LHV
Q  is the calorific value of the fuel. 

The output power delivered (
shaft
P ) by the engine or the 

shaft power is given by the equation,  

 

shaft
P = 2× π×N(rps)× T(N.m) (3) 

 

where ( ),T w r= ×  w is the applied load to the engine by the 

dynamometer, r is the effective arm radius.  

The amount of heat, which is carried away by the cooling 

water (
w

Q ) is given by, 
 

w
Q =

w pw
m C× × (

2 1
T T− ) (4) 

 

where 
w

m  is the mass flow rate (kg/s) of coolant, 
pw

C  is the 

specific heat of coolant, 
2

T  is the coolant outlet temperature 

and 
1
T  is the coolant inlet temperature. 

If we know the quantity heat required to increase the tem-

perature of the total mass (
a

m  and 
g

m  are the mass of air 

and exhaust gas) with respect to outside atmosphere tempera-

ture (
a

T ) to the exhaust gas temperature (
g

T ), we can calcu-

late the value of heat loss through the exhaust gases. The aver-

age specific heat (
pg

C ) of the exhaust gases are considered as 

the specific heat of air at mean exhaust temperature [17].   
 

eg
Q = (

a g
m m+ )

pg
C× × (

g
T −

a
T ). (5) 

 

In some case, the exhaust gas calorimeter used to measure 

the thermal energy from the exhaust side. This is an exhaust to 

water heat exchanger where the exhaust gas is cooled to a 

moderate temperature (not less than 60 °C, because it is the 

dew point temperature of exhaust gas) and the energy loss is 

Table 3. Technical specifications of the test engine. 
 

Type 

KIRLOSKAR, VCR multi-fuel, 

vertical, water cooled, direct injec-

tion, naturally aspirated engine 

Number of cylinders/  

number of strokes 
01/04 

Rated power 3.5 kW/diesel mode 

Bore (mm)/stroke(mm) 87.5/110 

Type of ignition CI 

Compression ratio 17.5, varies between 12 to 18 

Injection pressure 210 bar 

Injection timing 21° bTDC 

Speed 1500 Rev/min 

Nozzle hole diameter and number 0.3 mm and 3 

 

 
 

Fig. 1. Schematic diagram. 
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calculated by,  

 

eg
Q =

( ) ( )
( )

4 3 5

5 6

c pw a
m C T T T T

T T

× × − × −

−

ɺ

 (6) 

 

where in mc is the mass flow rate of water into exhaust gas 

calorimeter, the calorimeter water inlet temperature is T3, T4 is 

the calorimeter water outlet temperature, the exhaust gas tem-

perature at calorimeter inlet is T5, T6 is the exhaust gas tem-

perature at calorimeter outlet and the atmosphere temperature 

is 
a

T  [13].  

The amount of heat transfer to the engine cylinder wall is 

calculated by [3], 

 

( )  w

c g w

dQ
h A T T

dθ
= × × −  (7) 

 

where 
g

T  is the combustion gas temperature, 
c
h  is the con-

vective heat transfer coefficient between the cylinder wall and 

combustion gas,  
w

T is the cylinder wall temperature and A  

is the convection heat transfer area. 

Hohenberg’s relationship was used for finding the instanta-

neous heat transfer [3]. The instantaneous heat transfer coeffi-

cient across the walls for the engine can be predicted using Eq. 

(8), 

 

( )0.8
0.8

0.06 0.4

130 1.4
.

c p

c

g

p v
h

V T

 × × + =
 × 
 

 (8) 

   

The unaccounted losses (
un

Q ) is computed by the energy 

balance equation and is given by, 

 

un
Q =

s
Q – (

shaft
P +

w
Q +  

eg
Q +

oil
Q ). (9) 

 

4. Availability (exergy) analysis 

The exergy evaluation referred to diverse forms of control 

to have different levels of capability toward the positive work 

output. Availability of a system is defined as the highest work 

that can be obtained from a system through its reversible proc-

ess to a state of mechanical, thermal and chemical equilibrium 

with its environment [12]. In this section, the equations are 

given, which deals with the exergy balance to the IC engine 

and its subsystems in order to evaluate the various processes 

irreversibilities.  

Input availability by Ref. [33] used the following relation 

for, 

 

in
A = 1.0338

LHV
Q×  (10) 

 

where 1.0338 is a constant for liquid diesel or blended fuels 

and varied for gaseous fuels [34];  

Shaft availability, 

 

( )  w

cyl a

dA dV
P P

d dθ θ
= − ×  (11) 

 

where /dV dθ  is the rate of change of cylinder volume 

based on crank angle, 
a
P  indicates the ambient pressure, 

 cyl
P  is the instantaneous cylinder pressure.  

Availability input converted to cooling water availability 

(
cw

A ), 
 

cw
A = 2

1

ln .
w w pw a

T
Q m C T

T

 
− × × × 
 

 (12) 

 

Availability transferred to exhaust gases (
eg

A ),   

 

eg
A =

eg
Q +

5

ln lna a

eg a pg eg

eg

T P
m T C R

T P

      × × × − ×             
 (13) 

 

where 
eg

R  is the gas constant for exhaust gas, 
eg

R = 

u
R /molecular weight, 

u
R  - universal gas constant, Pa is the 

atmosphere pressure, 
eg
P  is the exhaust gas pressure. 

The destroyed availability (
des

A ) is determined from the 

availability balance equation as, 

 

des
A =

in
A – (

shaft
A +

cw
A +

eg
A ) . (14) 

 

The ratio of total availability recovered from the system to 

the total availability input into the system is called exergy 

efficiency or second law efficiency (
II

η or δ ) [35]. The re-

covered availability includes  
shaft

A , 
 cw

A and  
eg

A . 

 

( ) ( )availability recovered / availability inputε =  

δ = ( )1 / .
des in

A A−  (15) 

 

5. Results and discussion 

In this work the overall performance, combustion, emis-

sions behavior of VCR engine fuelled with ternary blends of 

bael oil, diesel and DEE were investigated along with an ex-

ergy analysis. The behavior of the engine with test modes has 

been discussed as BTE, BSFC, NOx, CO, CO2, HC and 

smoke opacity as a function of the percentage of engine load.  

 

5.1 Availability input 

Fig. 2 shows the impact of CAT and EGR on input avail-

ability for different engine loads. The air-fuel combinations 

build up in the combustion chamber to produce higher cylin-

der gas temperature while increasing the engine load [3]. The 

input availability has been observed as 702.96 and 878.0 

kJ/min for 20 % EGR in 75 % and 100 % engine loads which 

are 2.77 % and 2.33 % lower than that of 0 % EGR re-
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spectively. For 30 % EGR, the input availability was increased 

slightly compared to 20 % EGR mode. For EGR, the CO2 

attentiveness in the exhaust gas acts like diluents, which ab-

sorbs some quantity of heat and reduces the charge tempera-

ture [29]. Therefore for higher EGR condition, more amount 

of fuel is supplied to produce an equal value of output power 

[27]. At minimum engine loads, lesser input fuel energy leads 

to a lesser rate of heat release and therefore reduced cycle 

temperature and pressure [3]. The preheating of inlet air posi-

tively affects the input availability. At 50 % engine load, the 

input availability has been decreased by escalating the air 

temperature. The availability inputs were reduced by 2.71 %, 

4.12 % and 5.35 % for 37 °C, 47 °C and 57 °C respectively at 

75 % engine load which is 728.78 kJ/min for 27 °C. The rising 

of CAT decreases the quantity of the combustion irreversibili-

ties and reduced the input fuel energy [14]. The increase in 

CAT leads to higher combustion gas temperature and eventu-

ally reduces the combustion irreversibility and also the fuel 

availability [20].   

 

5.2 Cooling water availability 

Fig. 3 indicates the cooling water availability (% of fuel in-

put) for different EGR and CAT as a function of the percent-
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Fig. 2. Availability input. 
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Fig. 3. Cooling water availability. 
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Fig. 4. Exhaust gas availability. 
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Fig. 5. Destroyed availability. 

 

 
 

Fig. 6. Exergy efficiency. 
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Fig. 7. Brake thermal efficiency. 
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age engine load. When increasing the EGR rate, the cylinder 

gas temperature decreases due to the charge dilution [28]. At 

25 % engine load, the cooling water availability to input avail-

ability was high compared to medium and peak engine loads. 

The minimum cooling water availability has been observed 

for 20 % and 30 % EGR rate as 5.31 and 8.26 % lower com-

pared to 0 % EGR (4.36 % of fuel input) at full engine load. 

The increasing of EGR fraction decreases the cumulative heat 

loss exergy [29]. The enhancement of CAT leads to increase 

in-cylinder gas temperature and thus the combustion process 

would happen at the peak temperatures, which leads to aug-

mentation in the rate of heat transfer to the cylinder walls and 

eventually increases the heat loss availability to the fuel avail-

ability [14]. Rapid and complete combustion with 57 °C pro-

duces maximum combustion temperature and therefore higher 

exergy transfer to the cylinder walls [29]. From Fig. 3, the 

cooling water availability (% of fuel input) was higher at 25 % 

engine loads. This indicates that more fraction of input avail-

ability was converted to engine cooling availability loss [3]. 

At 75 % engine load, the 47 °C and 57 °C CAT conditions the 

cooling water availability has been observed as 12.6 % and 

14.4 % higher compared to 27 °C (27.49 kJ/min). At peak 

engine load, the cooling water availability has been increased 

due to progressive combustion, peak cylinder gas temperature 

and heat transfer [3]. The continuous rise in average cylinder 

temperature throughout the combustion phase also enhances 

the contribution of wall heat transfer towards destruction 

availability [31].  

 

5.3 Exhaust gas availability 

The exhaust gas availability for various CAT and EGR has 

been plotted with the percentage of engine loads as shown in 

Fig. 4. The temperature of the exhaust gases was lower when 

the engine is operated with EGR as compared to the operation 

without EGR [27]. The lowest cooling water availability (% of 

input availability) was observed throughout the engine opera-

tion with 30 % EGR compared to other EGR modes. The es-

calating rate of EGR reduces the exhaust temperature due to 

the reduction in availability of O2 for the combustion and 

higher specific heat of intake charge mixture [28]. Neverthe-

less, as overall cycle temperature was decreased with a higher 

concentration of 30 % EGR, exergy transfer associated with 

heat transfer was also found to be diminished [29]. The in-

crease in engine load elevates the exhaust gas availability due 

to more amount of fuel energy supplied for the chemical reac-

tion and produces higher temperature combustion products 

and leads to exhaust energy loss [3]. An increase in the CAT 

increases the temperature level in the combustion gases. At 

75 % engine load, the exhaust gas availability for 37, 47 and 

57 °C have been measured as 18.43, 18.65 and 18.99 % of 

fuel input respectively which is 158.3 kJ/min for 27 °C. The 

exhaust gas availability contributes 10-30 % of input availabil-

ity due to heat transfer along with the combustion products 

[31].  

5.4 Destroyed availability 

Fig. 5 shows the destroyed availability (% of fuel input) for 

different EGR and CAT towards a percentage of engine loads. 

At no load condition, the destroyed availability was massive 

due to the zero shaft availability from the engine [3]. The total 

destroyed availability for 30 % EGR was higher than that of 

without EGR. The higher destroyed availability was due to 

lower combustion temperature and more internal heat ex-

change loss at 57 °C [29]. The rising of combustion tempera-

ture decreases the combustion irreversibility, therefore higher 

cylinder gas temperature at full loads render lesser irreversibil-

ity generation [3]. At 75 % and 100 % engine loads, the 30 % 

EGR has been observed as 50.65 and 49.34 % of availability 

input respectively which is 50.12 and 48.37 % of availability 

input (361.97 and 435.37 kJ/min) for 0 % EGR. For the de-

layed combustion phase, thermo-mechanical availability de-

creased due to availability destruction caused by work avail-

ability and heat transfer, while irreversibility increased due to 

the irreversibility of burning and incomplete combustion [36]. 

The quantity of radicals generated during the combustion 

process and their contents also have a significant consequence 

on exergy loss [33]. The effect of increasing CAT reduces the 

destruction availability due to more availability distribution 

towards the cooling water and exhaust gas availability. At full 

engine load, the destroyed availability for 37, 47 and 57 °C 

CAT has been observed as 46.4, 45.78 and 45.21 % of input 

availability which is 48.51 % of fuel input (437.83 kJ/min). 

The irreversibility generation with equivalence ratio is majorly 

attributed to the rise in-cylinder gas temperature and the con-

vective heat transfer coefficient [31]. The availability destruc-

tion during the combustions accounts for 40-55 % of the input 

availability at medium and peak engine loads [3].   

 

5.5 Exergy efficiency 

Fig. 6 indicates the exergy efficiency for different operating 

conditions towards the percentage of engine load. The exergy 

efficiency was lower for all test modes since the shaft avail-

ability becomes zero and most of the availability was shared 

by the destroyed availability [3]. At 50 % engine load, the 

exergy efficiency of 20 % EGR has been observed as 46.52 % 

which is 45.77 % for 0 % EGR. At 75 % and 100 % engine 

loads, the 30 % EGR has lower exergy efficiency compared to 

other working conditions. This is due to the addition of EGR 

lowered the gradient of the thermo-mechanical availability 

rise due to the decrease in-cylinder gas pressure and tempera-

ture [28]. The improvements in combustion results in higher 

work exergy producing enhanced exergy efficiency. At peak 

engine load, the minimum exergy efficiency of 50.25 % was 

found at 30 % EGR due to increased combustion irreversibil-

ity and more destroyed availability [29]. An increase in CAT 

leads to decrease in the entropy generation and increases the 

exergy efficiency [14]. The growing CAT was positively af-

fecting the exergy efficiency. At peak engine load, the 320 and 
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57 °C mode have the maximum exergy efficiency of 54.61 

and 54.5 % respectively which is 51.48 % for 27 °C. This is 

due to an efficient increase in combustion gas temperature to 

bring down the availability destruction in the chemical reac-

tion [31]. From the availability analysis, it emerges to evaluate 

that preheating the charge or EGR may improve the exergy 

efficiency.  

 

5.6 Brake thermal efficiency (BTE) 

Fig. 7 shows the effect of EGR and CAT on BTE for differ-

ent engine loads. The successful burning of HC species in the 

fuel creates to achieve the maximum thermal energy and re-

duce the fuel consumption [3]. At part engine loads, the use of 

higher percentages EGR seems to slightly improve the engine 

performance [26]. At 75 % engine load, the 10 % and 20 % 

EGR have 26.7 and 26.85 % BTE which is 26.4 % for 0 % 

EGR. When the engine load increases, the EGR rates are in-

creased that leads to slight increase in the exhaust gas tem-

perature and the entry of intake charge temperature [27]. At 

full engine load, 20 % EGR has maximum BTE of 29.2 % 

which is 28.6 % for 0 % EGR. At 30 % EGR, the BTE values 

reduced due to more amount of fuel burn simultaneously and 

the combustion is closer to the TDC [29]. The increasing of 

CAT increases the BTE due to escalating combustion tem-

perature and pressure and reducing consumption of fuel. At 

75 % and 100 % engine loads, 47 °C CAT has been observed 

as 29.05 and 29.23 % of BTE. This is due to the fact that pre-

heating the inlet charge increases the combustion efficiency 

causing a concurrent rise in-cylinder gas temperature [20]. 

From Fig. 7, it can be observed that the BTE was decreased 

with increasing CAT about 57 °C. This is due to the dilution 

of fuel which leads to increase the BSFC and reduced the 

burning efficiency [3].  

 

5.7 Brake specific fuel consumption (BSFC) 

The BSFC of different EGR and CAT have been plotted 

towards the percentage of loads as shown in Fig. 8. The BSFC 

was higher when the engine running at 25 % engine loads. 

The combustion process was deteriorated at the lower engine 

loads due to lower in-cylinder temperature [3]. At 25 % en-

gine load, the maximum BSFC was observed for 27 °C CAT 

as 0.412 kg/kW-hr. The BSFC has decreased while escalating 

the engine loads due to enhancing cylinder gas pressure and 

temperature [35]. The lowest BSFC was observed for 20 % 

EGR at 100 % engine load was 0.283 kg/kW-hr which is 

2.4 % lower than that of 0 % EGR. The BSFC for 30 % EGR 

is slightly higher than 20 % EGR. An additional boost of the 

EGR beyond critical value results to a more intense increase 

of the total BSFC [20]. At peak engine loads, thermal effi-

ciency and BSFC are almost similar with EGR compared to 

without EGR [21]. The total burning rate of fuel is affected by 

the preheating of inlet air [27]. The growing of CAT reduces 

the chance of condensation of fuel in the combustion chamber 

[20]. At 75 % and 100 % engine loads, the BSFC for 47 °C 

CAT has been observed as 0.3 and 0.28 kg/kW-hr which is 

0.313 and 0.291 kg/kW-hr for 27 °C CAT. The BSFC for 

57 °C mode was slightly improved at higher engine loads due 

to the effect of charge dilution at peak combustion tempera-

ture [3].  

 

5.8 Carbon monoxide emissions (CO) 

Fig. 9 shows the influence of blended fuel on CO emissions 

for various values of EGR and CAT. Injection pressure, air-

fuel fraction, engine load, fuel type and intake charge tem-

perature influence the CO emissions [3]. An incomplete com-

bustion of fuel and inadequate mixing of fuel/air leads to in-

complete combustion [37]. At lower engine loads, the long 

ignition delay and slow burning of fuel weaken the combus-

tion process and increases CO emissions [38]. For EGR condi-

tion, the minimum CO emissions were observed at 75 % en-

gine loads. The 0 % EGR has minimum CO emission of 

0.035 % at 75 % engine load which is 0.057 % for 30 % EGR. 

For 100 % engine load with EGR condition, CO emission was 

increased slightly compared to 75 % engine loads. The pre-

heating of intake air up to elevated temperature subsequently 

reduces CO emission. This is due to the fact that better evapo-

ration and shorter ignition delay engine will produce low noise 

and vibration [30]. The lowest CO emission observed for 
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Fig. 8. Brake specific fuel consumption. 
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Fig. 9. Carbon monoxide. 
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57 °C at 75 % engine load was 0.025 % which is 0.033 % for 

27 °C CAT. The reason is that the CAT is an important factor 

for creating the homogeneous mixture [20]. At full engine 

load, CO emission for 57 °C CAT has been observed as 

0.028 % which is 0.035 % for 27 °C CAT. The dilution effect 

of CO2 contributed to incomplete combustion and conse-

quently results in higher CO emission [29].  

 

5.9 Hydrocarbon emissions (HC) 

Fig. 10 shows the effect of EGR and CAT on HC emissions 

for different engine loads. HC emissions diminish with a rise 

in engine loads because of enhancement of combustion proc-

ess [3]. At 25 % engine load, the maximum HC has been ob-

served as 18 ppm for 30 % EGR which is 15.3 ppm for 0 % 

EGR. The lesser oxygen concentration with EGR system re-

sults in rich air-fuel mixtures at various locations within the 

combustion chamber. At elevated engine loads, HC emission 

is reduced, because at the elevated temperature the HC species 

can be burned easily [3]. For EGR, the least HC emission was 

observed as 14 ppm for 0 % EGR at 100 % engine load. At 

maximum engine load with EGR mode, CO emission is 

slightly reduced. This is because of the large amount of fuel 

injected at full loads burns rapidly and hence rapid heat re-

lease increases peak temperature [29]. The effect of CAT de-

creases the HC emissions with escalating the percentage of 

engine loads. Minimum HC emission observed at full engine 

load was 13.1 ppm for 47 °C CAT which is 13.32 ppm for 

27 °C CAT. HC emission for 57 °C CAT was slightly in-

creased compared to 47 °C CAT at full engine load. The va-

porized fuel from sac volume and nozzle holes are mixed with 

air in the expansion stroke and this part of the fuel remains 

unburned and leads to HC emission [3].  

 

5.10 Carbon dioxide emissions (CO2) 

Fig. 11 shows the influence of EGR and CAT on CO2 emis-

sion towards the percentage of engine loads. The CO2 and 

water vapor are assumed to be end products of HC fuel when 

completely oxidized [3]. At lower engine loads, CO2 emission 

was lower due to the inefficient burning of fuel at lower com-

bustion temperature [37]. At 25 % engine load, 0 % EGR has 

peak CO2 value of 1.72 % which is 1.65 % for 30 % EGR. At 

peak engine load, 0 % EGR has 3.53 % of CO2 emission 

which is 3.11 % higher compared 30 % EGR mode. The com-

plete burning of fossil fuels has been directly indicated by CO2 

emission exhaust [3]. The rising of CAT enhances the CO2 

emission which leads to complete combustion. At 75 % and 

100 % engine loads, CO2 emission for 47 °C CAT has been 

observed as 3.06 % and 3.71 % which is 9.15 % and 4.31 % 

higher than 27 °C CAT mode. More CO2 will reduce the spe-

cific heat of the air-fuel mixture and thus, the cylinder pres-

sure and temperature are decreased at the end of compression 

stroke [26]. For 57 °C CAT operation has slightly lower CO2 

emissions due to inefficient burning and charge dilution which 

leads to reduction in the combustion efficiency [3]. 

 

5.11 Nitrogen oxides emissions (NOx) 

Fig. 12 indicates the effect of EGR and CAT on NOx emis-

sion for different engine loads. The NOx emission decreases 

with the increasing EGR rates [29]. The EGR in diesel en-

gines has reduced the oxygen molecules in the fresh air and 

reduced the flame temperature in the combustion gases [39]. 

At half engine load, minimum NOx has been observed for 

30 % EGR was 208 ppm which is 25.1 % lesser compared to 

 
 

Fig. 11. Carbon dioxide. 
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Fig. 12. Oxides of nitrogen. 
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Fig. 10. Hydrocarbon. 
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0 % EGR. At 50 % engine load, oxygen has been present in 

satisfactory amount but at 100 % loads, oxygen reduces sig-

nificantly which leads to reduced NOx emissions at the peak 

engine loads [40]. At full engine load, 30 % EGR has 20.12 % 

lower NOx emission which is 488 ppm for 0 % EGR mode. 

As the in-cylinder temperature drops ultimately if supplied 

more level of EGR rate about 60 % [26]. This is due to the air 

flow rate decreased and fuel flow rate increased with increase 

in CAT, which enhances the combustion temperature [31]. At 

75 % engine load, highest NOx emission has been observed 

for 57 °C CAT as 331 ppm which is 277 ppm for 27 °C CAT 

mode. At full engine load, the NOx emissions for 47 °C CAT 

mode was 540.5 ppm which is 0.935 % lower than 57 °C 

CAT mode. This is primarily attributed towards the lower 

combustion temperature and delay in initiation of combustion, 

particularly during the early stage of the combustion phase 

[27].  

 

5.12 Smoke opacity 

Fig. 13 shows the percentage of smoke opacity for various 

EGR and CAT towards engine loads. The increase of EGR 

rate results in an increase of soot concentration i.e. at mini-

mum load it is up to 20 % while at maximum load the soot 

increases up to 40 % [27]. At half engine load, smoke for 

30 % EGR has been measured as 16.1 % which is 19.25 % 

higher than 0 % EGR mode. The reason for lowest smoke 

opacity was owing to the lack of rich fuel pockets inside the 

combustion chamber [20]. At full engine load, 20 % EGR has 

3.75 % lesser smoke value compared to 30 % EGR mode 

(37.6 %). The smoke oxidation also depends on the air tem-

perature [22]. The higher CAT the elevated temperature on the 

flame front burns more soot [30]. At 75 % engine load, least 

amount smoke opacity has been observed for 57 °C CAT was 

21.3 % which is 23.5 % for 27 °C CAT mode. At peak engine 

load, the least smoke opacity has been observed for 47 °C 

CAT mode as 31.2 % which is 7.14 % lower compared to 

27 °C CAT mode. This is probably due to the higher cylinder 

gas temperature restricting the soot formation and also initiat-

ing the combustion at earlier [27].  

5.13 Maximum cylinder gas pressure  

Fig. 14 shows the cylinder gas pressure variation against 

crank angle (-10° to 50° reference toward TDC). The rate of 

pressure rise depends on the combustion of fuel in the duration 

of premixed combustion phase is the base for CI engine [3]. 

The combustion curves were developed by averaging of ten 

test cycle. As the EGR rate increases, the ignition delay of the 

mixture increase and retards the combustion phase 

correspondingly as well as the peak pressure decreased [28]. 

By rising CAT, the rate of cylinder pressure becomes higher 

during the initial stage of combustion and the peak pressure 

occurs slightly earlier compared to without EGR condition 

[41]. The increased EGR rate leads to delay in auto-ignition, 

therefore the main combustion stage moves towards the ex-

pansion stroke [26]. Maximum cylinder gas pressure in CI 

engines depends on the combustion in premixed stage [3]. 

This short combustion phase further depends on fuel type, 

mixing of air and fuel, equivalence ratio and engine load [29].   

 

5.14 Maximum cylinder gas temperature 

Fig. 15 indicates the average maximum cylinder gas tem-
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Fig. 13. Smoke opacity. 

 

 
 

Fig. 14. Cylinder gas pressure. 
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perature with respect to the crank angle (-10° to 70° reference 

toward TDC). This is the fact that increasing the EGR % will 

lower down in-cylinder temperature near the end of the 

compression stroke and cool down the in-cylinder atmosphere 

[28]. This is the result for both higher premixed controlled 

combustion and earlier initiation of combustion of the liquid 

fuel, which occurs due to the higher CAT [30]. The increasing 

of CO2 molecules reduces the oxidizing ability of CO which 

results in reducing of cylinder gas pressure and temperature 

[28]. The reduction of peak combustion gas temperature leads 

to decrease in NOx emission [3]. In lower CAT operation, the 

fuel burning rates are higher due to long ignition delay and 

results that higher the cylinder gas temperature rise [30]. For 

30 % EGR, the combustion occurs with no strength due to 

incomplete combustion, lower flame propagation and longer 

combustion period [28].  

 

5.15 Average heat release rate (HRR) 

Fig. 16 shows the average heat release rate (HRR) as a 

function of crank angle (-20 and 40
o
 reference to TDC). The 

lower availability of oxygen molecules lowers the intensity of 

the combustion which lengthens the duration of combustion 

[28].  

The increasing EGR rate decreases HRR owing to incom-

plete combustion [27]. The combustion rate in the first stage 

of combustion increases slightly with the increase in CAT. 

This is due to the more quantity of fuel burned during the first 

combustion phase and also the combustion of the vaporized 

fuel not yet progressed in the combustion chamber with the 

existing flame front [3]. The rate of ignition delay rise with 

CAT become more evident for higher engine loads compared 

to lower engine loads [21]. By escalating the CAT of 20 °C 

led that the HRR has advanced 4 crank angle degrees (CAD) 

and the cylinder gas pressure has advanced 3 CAD [36]. From 

Fig. 16, a decrease in combustion duration with CAT modes 

shows that combustion finishes much quicker for 57 °C com-

pared to 27 °C mode [29].  

6. Uncertainty analysis 

Uncertainties and errors in the experimental analysis may 

occur due to instruments selection, calibration, working condi-

tion, observation, environment and method of the tests [42, 3]. 

The terms error and uncertainty are often used interchangea-

bly to describe both imperfection and inaccuracy. The instru-

ments for measurements are chosen with a view to keeping the 

experimental uncertainties as minimum as possible. The un-

certainties have been calculated by Eq. (16); 

 

2 2 2 2

. ٛ
q x z u w

q x z u w

∆ ∆ ∆ ∆ ∆       
= +… + + +…+       

       
.   (16) 

 

The uncertainty examination is essential to confirm the pre-

cision of the experiments. Uncertainties of few calculated and 

measured parameters are given in Table 6. Based on the above 

value, the calculated engine performance is believed to be 

accurate within 3 %±  [3]. 

 
 

Fig. 16. Heat release rate. 

Table 4. Technical specifications of gas analyzer AVL DI444. 
 

Measured  

quantity 

Measuring  

range 
Accuracy 

Carbon monoxide 

(CO) 
0-10 % vol 

< 0.6 % vol: ± 0.03 % vol 

≥ 0.6 % vol : ± 5 % vol 

Hydrocarbon (HC) 
0-20000  

ppm vol 

< 200 ppm vol : ± 10 ppm vol ≥ 200 

ppm vol : 5 %  

Oxides of nitrogen 

(NOx) 

0-5000  

ppm vol 

< 500 ppm vol : ± 50 ppm vol ≥ 500 

ppm vol : ± 10  

Carbon dioxide (CO2) 0-20 % vol 
< 10 % vol : ± 0.5 % vol 

≥ 10 % vol : ± 5 % vol 

 

Table 5. Technical specifications of smoke meter AVL 437C. 
 

 Opacity Rpm 

Measuring range 0-100 % 400-6000  

Accuracy & repeatability ±1 % of full scale ±10 

Resolution 0.1 % ±1 

 

Table 6. Uncertainties of some measured and calculated parameters. 
 

S. No Parameter Percentage uncertainties 

1 NOx ±0.1 

2 CO ±0.01 

3 CO2 ±0.3 

4 HC ±0.1 

5 Smoke opacity ±0.5 

6 BSEC ±1.5 

7 BTE ±1 

8 Stopwatch 0.01 sec 

9 Speed indicator 5 rpm 

10 Graduated burette scale 0.001 m 

11 Load cell (strain gauge) 0.1 kg 
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7. Conclusion  

The important conclusions drawn from the present study 

include the following. From the exergy analysis, the increas-

ing of CAT causes increased cooling water availability, ex-

haust gas availability, exergy efficiency and reduced the input 

availability. 

• At peak engine load, the input availability for 37 °C and 

47 °C have been observed as 875.1 kJ/min and 868.9 

kJ/min which is 902.43 kJ/min for 27 °C CAT.  

• The minimum cooling water availability has been ob-

served for 20 % and 30 % EGR rate is 5.31 and 8.26 % 

lower compared to no EGR (4.36 % of fuel input) at full 

engine load. The exhaust gas availability contributes 10-

30 % of input availability due to heat transfer along with 

the combustion products.  

• At full engine load, the 30 % EGR rate has been ob-

served in 49.34 % of availability input which is 48.37 % 

of availability input for 0 % EGR mode. 

• The minimum exergy efficiency of 51.26 % was found at 

30 % EGR with full engine load due to increased com-

bustion irreversibility and more destroyed availability. At 

full engine load, the 47 and 57 °C CAT have the maxi-

mum exergy efficiency of 54.61 % and 54.5 % which is 

51.48 % for 27 °C CAT.  

• At peak engine load, 20 % EGR had 2.09 % more BTE 

compared to that of no EGR. The BTE was decreased 

with increasing of CAT about 57 °C. The 2.4 % lesser 

BSFC was observed for 20 % EGR compared to that of 

0 % EGR at full engine load. 

• The preheating of intake air subsequently reduces CO 

emission. The minimum CO emission was observed for 

57 °C CAT at 75 % engine load as 0.025 % which is 

0.033 % for 27 °C CAT. For EGR, the minimum HC 

emission was observed as 14 ppm for 0 % EGR at full 

engine load. HC emission was observed 1.7 % lower for 

47 °C CAT compared to that of 27 °C CAT. 

• At full engine load, the NOx emissions for 47 °C CAT 

mode has 540.4 ppm which is 0.935 % lower than that of 

57 °C CAT. At peak engine load, the minimum smoke 

opacity has been observed for 47 °C CAT mode as 

31.2 % which is 7.14 % lower compared to 27 °C CAT 

mode.  

 

According to the above consequences, it is probable to 

achieve a good balance between the availability terms, which 

leads to the improved engine design. 

 

Nomenclature------------------------------------------------------------------------ 

ASTM : American society for testing and materials 

BSFC : Brake specific fuel consumption (kg/kW hr) 

BTE : Brake thermal efficiency (%) 

CA : Crank angle (deg) 

CAT : Charge air temperature (°C) 

CE : Chemical energy (J) 

CI : Compression ignition 

CN : Cetane number 

CO : Carbon monoxide (%) 

CO2 : Carbon dioxide (%) 

CR : Compression ratio 

D : Neat diesel 

DEE : Diethyl ether 

EGR : Exhaust gas recirculation (%) 

HC : Hydrocarbon (ppm) 

HRR : Heat release rate (J/deg CA) 

IC : Internal combustion 

LHV : Lower heating value (kJ/kg)  

NOx : Oxides of nitrogen (ppm) 

s
Q  : Heat supplied (kJ/min) 

shaft
P  : Useful shaft power (kJ/min) 

w
Q  : Heat transfer through cooling water (kJ/min) 

eg
Q  : Heat transfer through exhaust gas (kJ/min) 

miss
Q  : Miscellaneous heat transfer (kJ/min) 

a
T  : Ambient temperature (K) 

a
P  : Ambient pressure (bar) 

γ : Ratio of specific heats 

η II or δ  : Exergy efficiency 

θ : Crank angle (deg) 

ρ   : Density (kg/m3) 

υ  : Viscosity (centistokes) 

 

Subscripts 

a : Atmosphere condition  

cw : Cooling water 

des : Destroyed 

eg : Exhaust gas 

in : Input  
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