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Introduction

The availability of adequate amount of conventional fossil 
fuel for internal combustion  engines and the associated effects 
of global warming and other environmental issues arising due 
to the combustion of fossil fuels are the two most threaten-ing 
problems of o- ur present  day civilization. Therefore, Ithere  is  
agreat deal of interest and  research on both alternative energy 
resources and their effi cient use in thermal engine. Biofuels 
with the potential of supplying much more energy than the 
fossil fuel are known as the clean, renewable feedstock. 
Nowadays biofuels especially biodiesel are considered much 
more than before [1,2]. Recently, enzymes have been integrated 
with nanomaterials as immobilization carriers. Nanomaterials 
can increase biocatalytic effi ciency. The development of a 
nano-immobilized enzyme is one of the key factors for cost-
effective biodiesel production. Technology development of 
nanomaterials, including nanoparticles (magnetic and non-
magnetic), carbon nanotubes, and nanofi bers, and their 
application to the nano-immobilization of biocatalysts [3-5]. 

Thermodynamics laws are one of the best tools for evalution of 
the prformance of thermal systems such as CI or SI engines. The 
thermodynamics details of the process of a thermal engine can 
be clarifi ed by performing an exergy analysis (second law) of 
the System in addition to an energyanalysis (fi rst law). In fact, 
an alternative means to select the most convenient biomass, 
is exergy analysis. This thermodynamic analysis technique 
estimates the effi ciency of the process and dete rmines the 
energy quality and usefulness [6].

First law analysis or energy analysis is a proper method 
to predict engine performance and infl uence of its various 
operative parameters [7]. On the other hand, it has long 
been understood that traditional fi rst law analysis, which is 
needed for modeling the engine processes, often fails to give 
the engineer the best in sight into the engine’s operation. In 
order to analyze engine performance, that is to evaluate the 
ineffi ciencies associated with the various processes, second 
law analysis must be applied [8]. For the second law analysis, 
the key concept is “availability or exergy”. The availability 
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of a matter explains its potential to produce useful work. 
Unlike energy, exergy is always destroyed when a process is 
irreversible, for example loss of heat to the environment or due 
to friction and throttling. 

In the past few decade, The exergy analysis of Compression 
Ignition (CI) engines, also known as the second law or 
availability analysis, has been studied by many investigators.
The fi rst studies of internal combustion engines operation 
that included exergy balance in the calculations were around 
1960, the works of Traupel [9] and Patterson and Van Wylen 
[10]. Flynn, et al. explained a new observation in internal 
combustion engine studies. They applied a method based on 
the second law of thermodynamics for engine analysis [6]. 
A review paper written by Caton, explains previous studies 
of engine operation from the second law observation [11]. 
Exergy analysis on combustion engines performed for many 
years has been well reviewed and summarized by Carton and 
Rakopoulos, et al. [8, 11]. Most of these studies were based on 
exergy analysis of diesel engines fueled with diesel.

 There are some studies worked on second law analysis of 
engines consuming biodiesel-diesel belends. The energy and 
exergy analysis in a single- cylinder CI engine operated with 
Diesel fuel and palm biodiesel were carried out by Misra, et al.

They evaluated both the performance and the characteristics 
of the engine at 85% engine loading and fi nally concluded that 
exergetic effi ciency is almost equal to energetic effi ciency 
[12]. Caliskan, et al. performed energy and exergy analyses 
in a turbocharged Diesel engine fueled with pure Diesel as a 
base fuel and two different biodiesel fuels (soybean oil methyl 
ester and high-oleic soybean oil methyl ester) [13]. Azoumah 
et al. Investigated the energy and exergy balance of a DI engine 
fueled two different biodiesel fuels (cottonseed and palm oils) 
at different engine loads by using exhaust experimental data 
[14].

Therefore, the fi rst and second laws of thermodynamics 
are employed in this study as an environmental assessment 
tool to account wastes and determine real energy effi ciency of 
Diesel engine fueled with pure Diesel fuel and various blends 
of soybean oil methyl ester (CME). The biodiesel blends with 
Diesel from 20%, 40% and to 100% by volume were used to 
test a commercial agricultural engine. Engine performance 
data, mean pressure in cylinder and exhaust emissions were 
recorded. It should be noted that exergy analysis of combustion 
process in DI diesel engine considered as the main objective of 
this study. 

Material and method

Energy analysis

In the present study, engine operation is analyzed from 
the fi rst and second law of thermodynamics perspective and 
the various terms are evaluated. The fi rst law analysis is done 
by using a Single-Zone model. The combustion chamber is 
considered as a volume control. For a closed system,  fi rst law 
of thermodynamics energy conservation equation is simply wr 
tten as [15].

Q-W=dU                                                                         (1) 

where Q partial differential of heat is, W is Partial differential 
of work and dU is differential of internal energy. Since W=PdV, 
and dU=mc_v dT, the energy equation is therefore. 

 vCQ PdV PdV VdP
R

                                                       (2) 

By differentiation with respect to crank angle (), the 
following equation is obtained.

dQ dV 1 dPP V  
d 1 d 1 d

   
             

                                            (3) 

where  is the ratio of specifi c heats. For each specie i, the 
thermodynamic quantities specifi c heat and enthalpy as 
functions of temperature are given in the form [16]:

~

p 2 3 4i
i1 i2 i3 i4 i5~

C
a a T a T a T a T  

R
                                       (4)

~
i 2 3 4i3 i5 i6i2 i4

i1~

a a aa ah a T T T T  
2 3 4 5 TR T

       (5)

In these relations, CP is the specifi c heat at constant 
pressure, T is temperature, h is enthalpy, R is universal gas 
constant and ai constant coeffi cients.

In order to integrate the differential energy equation an 
equation for the  cylin der volume as a function of crank angle 
is needed as following [17],

 
1

2 2 2dVdV sin 1 cos R sin
d 2

         
             (6)                                          

where 
2

tb S
4dV


 is the piston displacement volume, r is 

compression ratio, St is stroke, b is bore, and 
L
a

R  is ratio of 

length of connecting rode to crank radius.

The heat transfer rate at any crank angle to the exposed 
cylinder wall at an engine speed (N) is determined with a 
Newtonian convection equation as following [17, 18]:

     g w g ww
h A T TdQ

d N

     


    (7) 

where QW is the rate of heat loss, hg is the heat-transfer 
coeffi cient, Tg is the average temperature of the working fl uid, 
and Tw  is the average temperature of the cylinder wall. In above 
equation, Aw is the sum of the cylinder bore area, the cylinder 
head area, and the piston area, assuming a fl at cylinder head.

 
2

w wall head piston
bA A A A by
2


                (8)

y is exposed cylinder wall height and is expressed as

 1/22 2 2y a L [ L a sin a cos ]                    (9)
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The Woschni heat transfer coeffi cient used, In this study, 
that is given by

.8 .75 .2 .55
gh 3.26U P b T                                                         (10)

where U is expressed as

d r
1 2 cyl mot

r r

V TU 2c S N C (P P )
P Vt                                                (11)

Theigivenequation shows that the characteristic speed U 
depends on piston motion modeled as the mean piston speed 
St and swirl originating from the combustion event, which is 
modeled as a function of the pressure rise due to combustion, 
i.e. Pcyl-Pmot. Pcyl and Pmot are instantaneous pressure and the 
corresponding  motoring  pressure at the same fi ring Condition. 
Tr,Vr,Pr are determined for a known reference position for 
which pressure and temperature are known, the intake valve 
closing or  the start of combustion time, for instance.

One approach used in engine simulation modelling is to 
estimate the mass fraction burned as a function of engine 
position using the Wiebe function [19]. The Wiebe function is 
expressed as:

 

 

p p

d

d

m 1 m
p s s

p
p p d

m
m 1d s s

d
d d d

QdQ a m exp a   
d

Q m ( )  exp a   
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                   (12)

where p and d  are the duration of the pre-mixed and diffusive 
combusti -on periods, while mp and md are combustion shape 
factors. QP is the heat release due to the burning of the fuel 
during the pre-mixed combustion, while Qd is the remaining  
heat release. v is the dimensionless constant Which represents 
effi ciency factor of function.

Exergy analysis

Purpose of exergy analysis is to identify where exergy is 
destroyed. The results obtained herein have realistic signifi cance 
and may provide guidelines for the design and evaluation of 
practical internal combustion engines.With discretiz- ation 
and numerical solution of the equations, the parameters of 
second law will be initialized. Cylinder availability balance can 
be formulated as follow [20]:

in outcyl in out w l f
dA m b m b dA dA dA dI   

dè N dè dè dè dè

 


                                 

                 (13)

In the above equation,  cycdA
d

is the rate of change of total 

exergy with crank angle. inm


b is the inlet mass fl ow from the 

inlet manifold, outm


 is the outlet mass fl ow from the outlet 
manifold and b represents fl ow availability as follow:

   0 0 0b h h T s s                                                           (14)

wdA
d

 represents indicated work transfer. In fact, it can 

to be known as value of output availability from the cylinder 
associated with the indicated work:

 w
cyl 0

dA dVP P  
d d

 
 

                                                  (15)

where 
dV
d

 is the rate of change of cylinder volume with crank 

angle taken from Eq. (19) and cylP the instantaneous cylinder 

pressure found from the fi rst-law analysis of the engine 
processes and  po represents the ambient pressure.

1dA
d

is the rate of availability loss associated with the 

heat transfer to the cylinder walls on the basis of crank angle 
degree. It can be given as follow:

w 0l

cyl

dQ TdA 1
d d T

 
      

                                                          (16)

where wdQ
d

 is  the  rate  of  the  heat  transfer  to  the 

cylinder walls on the basis of  crank angle degree and  cylT is 

the instantaneous temperature of the cylinder gasses, which 

are both available from the fi rst law analysis. 0T represents the 
ambient temperature.

 f
dA
d

is the burned fuel availability based on crank angle 

degree which can be given as follow:

f fD fB
fchD fchB

dA dm dma a
d d d

      
                                                (17)

Where fchDa , fchBa  are the fuel (chemical) availability, 

respectively, and 
fDdm

d
,  fBdm
d

 are The fuel burning rate 

calculated, for each computational step, using the combust-
ion model chosen For hydrocarbon fuels of the type CzHy, 
which are of special interest to internal combustion engines 
applications, becomes [21]:

For Cz Hy:

fchD
y 0.042a LHVD 1.04224 0.11925  
z z

        
      (18)

For Cz Hy Op: 

fchB
y pa LHVB 1.0401 0.01728 .0432
z z

              
    (19)

That LHVB and LHVD are fuel lower heating value for 
biodiesel and diesel fuel.

In-cylinder irreversibilities, 
dI
d

, can be evaluated as 
follow

0 i fD fB
i fD fB

icyl

T dm dm dmdI  
d T d d d

   
        

             (20)
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The subscript i involves all the reactants and products. 

For ideal gasses i ig   and for fuel i fch  . Where 

 i i ig T,p   is the chemical potential of species i in the 

mixture and is calculated as following

     i i i i i i ig T,P g T, x P h Ts T, x P                  (21)

The rate of entropy change is:

   
´

i
ii i 0 i

0

x Ps T, x P s T,P R ln( ) 
P

                      (22)                                  

wheres I (T,P0) is the standard state entropy of species i, which 
is a function of temperature only, with  xi  the molar fraction of 
species i in the mixture [8, 17].

Thermomechanical availability

In a system, the thermomechanical availability A_
thdenotes the maximum useful mechanical  work  educe  able 
with the environment when the system reaches in  thermal 
and mechanical equilibrium that its mass not allowed to react 
chemically or  move  with  the  surrounding atmosphere. The 
thermo-mechanical availability can be determined using the 
following formula [22]:

     th 0 0 0 0 0A U U P V V T S S                     (23) 

where the subscript “0” represents the standard reference 
environmental state.

The Standard Entropy of each species is calculated using 
the following equation:

0 2 3 43 54
i i 1 2 7

a aaS R (a LnT a T T T T a )
2 3 4

            (24)

Coeffi cients in the above equation for each species were 
collected from JANAF table [17]. The standard entropy at 
different pressures calculate as follows:

0 i
i i i

0

x PS S R Ln
P

 
   

 
                                                          (25)

Finally, to calculate total entropy, the following equation 
is used

i iS m S                                                                          (26)

where mi is mass of each specie. Sgen is the entropy generation 
per a cycle which can be given as follow [20]:

  w
gen out in

0 0

Q IS S S   
T T

                                              (27)

where s states gas entropy, Qw  states the heat transfer to 
the cylinder  walls, I is the total irreversibilities and T0 is the 
ambient temperature.

The fi rst and second law effi  ciencies

Energy and exergy effi ciencies are dimensionless 
performance measures of a device that uses thermal energy, 
such as an internal combustion engine, so these could be some 
of the best criteria to compare various engine working under 
different condition for example in different size or fulled with 

different source of energy such as biodiesel. The fi rst law (or 
energy- based) effi ciency and the second law effi ciency (or 
exergy-based) is defi ned as equation (31) and (32) respectively.

f

W   
m LHV                                                                        (28)

w

f fch

A     
m a                                                                  (29)

Results and discussion

The engine used in this study was direct injection diesel 
engine. The basic specif-ications of the engine are given in 
Table 1. All tests were conducted under full load and constant 
speed of 1200 rpm. In this study, the effect of the variation 
the concentration of biodiesel in the blend (i.e. 100%, 40%, 
20% proportions by volume, derived from soybean oil) was 
investigated. 

In Figures 1-3 the model is validated by comparing the 
diagram of the cylinder pressure and the result showed a good 
agreement. Similar to all zero dimens- ional models, the pick 
cylinder pressure is higher than the experimental result. This 
is the main disadvantage of zero dimensional models that 
originate from considered uniform temperature and uniform 
composition of charge throughout the cylinder. In this part of 
our study, the crank angle varies from-120  to  120  CA  and  
its  effects on exergy terms and related parameters will be 
investigated.

Application of the availability balance to the internal 
combustion engine Application of Eqs. (16)– (25) on a (diesel) 
engine cylinder is depicted in Fig. 4, showing the development 
of both rate and cumulative in-cylinder availability terms 
during an engine cycle.

The availability of the cylinder contents (i.e. control volume 
availability) had an upward trend until the start of combustion, 
this might happen due to work done by the piston during the 
compression process. At the point the fuel injection starts, 
a small fall is observed in the control volume availability 
rate pattern. This is due to the ignition delay period and the 
simultaneous loss of heat for evaporation of the injected fuel. 

Table 1: Engine specifi cations. 

Engine brand IDEM-Iran ON314

Engine type Naturally aspired, water-cooled

Operating principle Four stroke, direct injection

Number of cylinder Inline four cylinders

Fuel injecton pump Rotary (DAP)

Rated power,kw 56kW

rated torque, Nm 290Nm

BoreX Stroke 97X128 mm

Connecting rod length 230 mm

Compression ratio 17:01

intake valve closing 240

Exhaust valve opening 487
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Similar result for DI diesel engine is gained by Abbasi et al. 
[15]. Before the start of combustion, the burned fuel availability 
is zero, start of combustion and the burning of fuel causes a 
considerable increase in dAf and Af, whereas with decrease 
in burned fuel, dAf decrease. Output availability  from the 
cylinder  associated  with  the indicated work is negative 
during compression and delay combustion, after these process, 
becomes positive with increasing piston displacement volume. 
Availability  loss  associated  with the heat transfer to the 
cylinder walls will appeared during cycle, the compression 

and burning of fuel causes a considerable increase in pressure 
and temperature and, consequently, in cylinder availability 
and heat loss, when the pressure and temperature begin to 
fall during the expansion, there is also a fall in availability. 
The maximum availability loss with heat transfer occurred 
in combustion process, due to the maximum temperature 
and heat losses. I and dI in start of combustion increases due 
to increase in pressure and temperature. After combustion, 
decreasing pressure and temperature and, consequently, 
decreasing entropy and enthalpy, causes the decrease in the 
irreversibility [26] . Also, it can be observed in Figure 4, Af, AcyI,  

Aw, I, AI are the maximum values, respectively.

Figures 5-9 indicate the infl uence of the various blends 
(B20, B40, B100) on the parameters of availability balance. It 
can be observed in Figures. 5 and 6 that Af and I for the two cases 
of B20 and B40 is very close to each other, but much more than 
B100. This is due to the higher heating value of B20, B40 and 
B100, respectively which Resulting in signifi cant differences in 
chemical exergy  afch  between B20 and B40 compared to B100. 

Figure 7 indicate that, total exergy of B20 is more than 
B40 and B100, respectively. This result can be explained by 
referring to eq. (16), that due to the signifi cant contribution of 
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burned fuel availability in exergy balance equation, total exergy 
is closely related to burned fuel availability.

Figure 8, show that, indicated work availability for three 
states are almost equal. It should be noted here that, an change 
in the pressure cylinder leads to a change in indicated work 
availability and because of it for B20 and B40 is closely to B100, 
indeed Aw is almost equal. 

Figure 9 states that availability loss associated with the heat 
transfer for B20 and B40 is more from B100 which is issue of 
the increase in the combustion temperature in these two state. 
Figure 10 shows that an increase in percent biodiesel leads 
to a decrease in entropy. This happens due to increase of the 
combustion temperature, which leads to an increase in the heat 
loss and availability. Also, due to higher energy and entropy 
changes for B20 and B40, thermomechanical availability is 
more than B100. (Indeed the difference of B20 and B40 can be 
ignored, B100 has the lowest). It can be observed in Figure 11.

The fi rst-law effi ciency, second-law effi ciency and 
the ratio of parameters of availability balance to burned fuel 
availability for the various blends of biodiesel are given in table 
2.

Table 2 shows that 50.01% of the burned fuel availability 
of B100 is converted into indicated work availability, which is 

higher than the values of both states of B40 and B20 (respectively, 
39.01% and 38.64). It can be concluded from higher oxygen 
content and improvement of combustion effi ciency pure 
biodiesel. Also, a greater percentage of Af spent on availability  
loss  associated  with  the  heattransfer  and  irreversibility. 
This result can be explained by referring to increase in the 
proportion of biodiesel which leads to an increasing cetane 
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number, decreasing ignition delay and accelerate auto ignition. 
It can be observed in table 2 that, the ratio of total exergy to 
burned fuel availability for pure biodiesel is less than two other 
states, which is issue increase of the ratio of Aw, I and AI for 
B100. In the end, fi rst-law effi ciency of B100 is higher than 
B40 and B20. 

Conclusion

In this work, the infl uences of the various biodiesel 
blends are studied in a DI diesel engine on by the fi rst and 
second laws of thermodynamics. For this purpose, a single 
zone thermodynamic model was used and tested favorably 
against experimental results. The results from energy and 
exergy analysis show that maximum values of parameters of 
availability balance are for Af, AcyI, Aw, I and AI,  respectively. 
Comparisons between the different blends of biodiesel showed 
fi rst and second-law effi ciencies for pure biodiesel and exergy, 
indicated work availability, loss heat availability, burned fuel 
availability and irreversibility for B20 are higher than the other 
blends. Also a greater percentage of pure biodiesel is converted 
into availability  loss asso-ciated with the heat transfer and 
indicated work availability. 

Where W is the indicated work and Aw is output availability 
from the  cylinder associated with the indicated work [23-25]. 
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Figure 10: Entropy versus crank angle for blends of diesel and biodiesel.
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Figure 11: Thermomechanical availability versus crank angle for blends of diesel 
and biodiesel.

Table 2: First-law effi  ciency, second-law effi  ciency and the  ratio of parameters of 
availability balance to burned fuel availability for blends of B20, B40 and B100 at 
1200 rpm.
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