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Abstract

:

Contrary to energy, exergy may be destroyed due to irreversibility. Exergy analysis can be used to reveal the location, and amount of energy losses of engines. Despite the importance of the exergy analysis, there is a lack of information in this area, especially when the engine is fueled with biodiesel–diesel fuel blends under various injection operating parameters. Thus, in this research, the exergy analysis of a direct-injection diesel engine using biodiesel–diesel fuel blends was performed. The fuel blends (B0, B20, B40, and B100) were injected into cylinders at pressures of 200 and 215 bars. Moreover, the simulation of exergy and energy analyses was done by homemade code. The simulation model was verified by compression of experimental and simulation in-cylinder pressure data. The results showed there was good agreement between simulation data and experimental ones. Results indicated that the highest level of in-cylinder pressure at injection pressure of 215 bars is more than that of 200 bars. Moreover, by increasing the percentage of biodiesel, the heat transfer exergy, irreversibility, burnt fuel, and exergy indicator decreased, but the ratio of these exergy parameters (except for heat transfer exergy) to fuel exergy increased. These ratios increased from 46 to 50.54% for work transfer exergy, 16.57 to 17.97% for irreversibility, and decreased from 16 to 15.49% for heat transfer exergy. In addition, these ratios at 215 bars are higher than at 200 bars for all fuels. However, with increasing the injection pressure and biodiesel concentration in fuel blends, the exergy and energy efficiencies increased.
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1. Introduction


Diesel engines play a substantial role in the transport and agricultural sector. The development of technology increases the use of petrol and diesel. Increasing price, environmental pollution, and depletion of non-renewable fossil fuels have encouraged researchers to find renewable fuels. One alternative fuel that has been widely used in compression ignition (CI) engines is biodiesel [1,2,3,4]. Some researchers have analyzed the first law of thermodynamics (thermal balance) at different operating conditions, especially by using biodiesel fuel [5,6,7,8,9]. They have showed that the first low is inadequate to investigate the thermodynamic details of engines. The exergy or availability is a central concept of the second law. Exergy is expressed as the maximum useful work performed by a system that comes into equilibrium with its reference environment. Contrary to energy, exergy may be destroyed due to irreversibility. Exergy analysis can be applied to reveal the type, location, and amount of energy losses of engines [10]. Thus, exergy analysis is necessary for reducing the losses of engines. Several researchers performed the exergy and energy analyses in CI engines. Karagoz and his co-worker investigated the energy, exergy, and economics of a diesel engine using tire pyrolytic oildiesel blend. Results showed that the highest efficiency of energy and exergy was obtained in 10% pyrolysis oil [11]. The impact of nanoparticles concentrations on the energy and exergy efficiency of diesel engine was evaluated by Karami and Gharehghan. Findings showed that the thermal efficiency of diesel engine fueled with B0W5N60 (diesel containing 5% water and 60 ppm NPs) was higher than that for pure diesel [12]. Karagoz et al. conducted exergetic and exergoeconomic analyses of a diesel engine using diesel–biodiesel blends containing different metal-oxide nanoparticles. They revealed that the nano-fuels had better performances compared to neat diesel fuel and diesel–biodiesel blend fuel [13]. Nabia and Rasul investigated the energy and exergy of non-edible biodiesel blends in a DI diesel engine [14]. Their study showed that exergy parameters in the biodiesel blends had minor variations in comparison with those of a reference diesel. Nemati et al. performed the exergy analysis of a DI diesel engine fueled with biodiesel and its blends. They found the optimum exergy efficiency for the B20 blend [15]. Sarikoc et al. analyzed the energy and exergy in a diesel engine by employing different blends of diesel, biodiesel, and butanol fuels [16]. The findings indicated that butanol blends had higher energy and exergy efficiencies than diesel. Sanli and Uludamar investigated the exergy and energy efficiencies of a diesel engine using diesel–biodiesel fuels at different speeds. They indicated that fuel energy and exergy efficiencies were reduced using biodiesel [17]. The effect of different injection pressures (IPs) on the energy efficiency and exergy efficiency of a diesel engine was explored at a constant speed. The findings showed that the highest energy efficiency was 24.509%, and the maximum exergy efficiency was 21.275% at pressure of 190 bars [18].



According to a literature review, the exergy and energy of diesel engines depend on different factors such as types of fuels, nanoparticles, and operating parameters (e.g., speed, load). One of the key parameters that affect the performance of diesel engines is injection pressure, especially using diesel–biodiesel blends [19,20,21,22]. Although the effect of injection pressure on the engine performance has been investigated, its effect on exergy analyses of a diesel engine fueled with biodiesel–diesel blends has not been performed. Therefore, this study aims to investigate the impact of two IPs (200 and 215 bars) on exergy analyses of a DI diesel engine fueled with biodiesel–diesel blends (B0, B20, B40, and B100) at a speed of 1600 rpm.




2. Materials and Methods


In this section, test instruments as well as exergy and energy models are separately described.



2.1. Experimental Setup


A four-stroke, four-cylinder, and turbocharged DI diesel engine (OM314) was utilized in this study. A schematic diagram of the test setup is shown in Figure 1. The main characteristics of the engine are presented in Table 1. A Schenck W400 electric eddy current dynamometer was used to measure torque and speed of engine. For the measurement of in-cylinder pressure, a Kistler pressure transducer of the type 6053BB120 was employed. The tests were performed at two fuel IPs (200 and 215 bar) and different biodiesel–diesel blends (B0, B20, B40, and B100) at a speed of 1600 rpm. The biodiesel fuel employed in the engine was obtained from waste cooking oil (the oil extracted from soybean) by esterification reaction. Table 2 illustrates the main characteristics of diesel and biodiesel fuels.




2.2. Theoretical Model


The current study aims to analyze the exergy of a diesel engine by combining the first as well as the second law of thermodynamics. A Fortran-based code was written for simulation of the thermodynamic lows. Verifying the simulation model was performed by compression of experimental and simulation in-cylinder pressure data. The results showed there was good agreement between simulation data and experimental ones.



2.2.1. Energy Analysis


The first law of thermodynamics was utilized for the closed cycle of the engine, which can be written as follows [23]:


    d  Q n    d θ   =   d U   d θ   +   d W   d θ    



(1)




where     d Q n   d θ       is the rate of net heat release, that is the difference between     d  Q c    d θ     and     d  Q h    d θ    .



    d  Q c    d θ    : Heat release rate related to combustion



    d  Q h    d θ    : Heat transfer rate through the wall



    d U   d θ    : Rate of internal energy changes



    d W   d θ    : work rate



Equation (1) can be rewritten as


    d  Q c    d θ   −   d  Q h    d θ   = M  C v    d T   d θ   + P   d V   d θ    



(2)







M, Cv, T, P, and V denote the mass, specific heat at constant volume, the temperature, pressure, and volume of the in-cylinder content, respectively. The formulae of specific heat are given in Ref. [24]. Cylinder volume is given by


  V ( θ ) =  V C  [ 1 +     r c  − 1  2   ( 1 − cos θ +  1 ε  ( 1 −   ( 1 −  ε 2  sin  θ 2  )    1 2    ) ) ]  



(3)




where VC and rc are the clearance volume and compression ratio, respectively, and   ε =  S  2 L     is the half of the stroke (S) to connecting rod length (L).



The first derivative of Equation (3) presents the rate of cylinder volume change:


    d V   d θ   =  V C  (     r c  − 1  2   ) sin θ [ 1 + ε   cos θ     ( 1 −  ε 2  sin  θ 2  )    1 2    )   ]  



(4)







In the current research, a two-zone approach is used to simulate the combustion process. The combustion process has been modeled using a double Wiebe function to explain the premixed and diffusive burning phases [25].


  x = 1 − exp   − 6.908   (  θ   θ p    )    m p  + 1     + 1 − exp   − 6.908   (  θ   θ d    )    m d  + 1      



(5)






    d x   d θ   = 6.908  1   θ p    (  m p  + 1 )   (  θ   θ p    )    m p    exp   − 6.908   (  θ   θ p    )    m p  + 1     + 6.908  1   θ d    (  m d  + 1 )   (  θ   θ d    )    m d    exp   − 6.908   (  θ   θ d    )    m d  + 1      



(6)






  θ =  θ r  −  θ s   



(7)




where x is the mass fraction burned,    θ r    and    θ s    are reference crank angle and combustion start angle, respectively; mp,    θ p   , md,    θ d    are Wiebe factors in the premixed and diffusive combustion phases, respectively.



The rate of heat release is computed as follows:


    d  Q c    d θ   = 6.908    Q p     θ p    (  m p  + 1 )   (  θ   θ p    )    m p    exp   − 6.908   (  θ   θ p    )    m p      + 6.908    Q d     θ d    (  m d  + 1 )   (  θ   θ d    )    m d    exp   − 6.908   (  θ   θ d    )    m d       



(8)




where Qp and Qd denote the energy release for premixed and diffusion combustion phases, respectively. The heat transfer through the surrounding wall of the cylinder is computed using


    d  Q h    d θ   = h A ( T −  T w  )  



(9)




where Tw and A are the cylinder wall temperature and the heat transfer area, respectively. In Equation (9), h, the coefficient heat transfer is defined by Woschni’s correlation as follow [25]:


  h = 3.26  b  − 0.2    P  0.8    T  − 0.55    w  0.8    



(10)







In Equation (10), w is the average velocity of the gas, which is determined by


  w = [  c 1     U ¯   p  +  c 2     V d   T  I V C      P  I V C    V  I V C     ( P −  P m  ) ]  



(11)




where    c 1   ,    c 2    are constants. During compression,    c 1  =   2.28 and    c 2  = 0  , and during combustion and expansion,    c 1  =   2.28 and    c 2  = 3.24 × 1  0  − 3     were used.    T  I V C    ,    P  I V C     and    V  I V C     are temperature, pressure, and volume at intake valve closing, respectively;    P m    is the motored pressure;      U ¯   p    and    V d    are the average speed of piston and displacement volume which are calculated as follows [25,26]:


     U ¯   p  =   2 S N   60    



(12)






   V d  = π    B 2   4  S  



(13)




where N and B are the engine speed and piston bore, respectively.



The ignition angle equals to the injection angle plus the delay angle. In this analysis, the delay angle    q  d e l a y     was estimated using


   θ  d e l a y   = ( 0.36 + 0.22    U ¯   p  ) exp [  E A  (  1  R T   −  1  17190   ) +   (   21.2   P − 12.4   )   0.63   ]  



(14)




where R is the universal constant, and    E A    is the apparent activation energy which was determined by the following formula [27,28,29]:


   E A  =   618840   C N + 25    



(15)




where   C N   is the cetane number of the fuels.




2.2.2. Exergy Analysis


Exergy (availability) involves the potential of a system once it comes into thermal, mechanical, and chemical equilibrium with its sounding environment. Following previous studies [30,31,32], the equation of exergy balance is:


    d A   d θ   =   d  A W    d θ   −   d  A Q    d θ   −   d I   d θ   +   d  A F    d θ    



(16)







   A W    is the exergy transfer via work that could be expressed as follows [33,34,35]:


    d  A W    d θ   = ( P −  P    0    )   d V   d θ    



(17)




where P and are the in-cylinder and environmental pressures, respectively, and    A Q    is the exergy transfer via the heat transfer [34,35]:


    d  A Q    d θ   = ( 1 −  T /   T 0    )   d  Q h    d θ    



(18)




where T and T0 denote the instantaneous cylinder and environmental temperatures, respectively.    A F    is the exergy associated with fuel combustion [34]:


    d  A F    d θ   =   d  m f    d θ    a  f c h    



(19)







and    a  f c h     denote the fuel burning rate and the specific chemical exergy of the liquid fuels in the form of    C z   H y   O p   S q    [35,36]:


   α  f c h   = L H V   1.0401 + 0.01728  y z  + 0.0432  p z  + 0.2196  q z  ( 1 − 2.0628  y z  )    



(20)




where   L H V   is the low heat value of the fuel, and y, z, p, and q are the mass fractions of hydrogen, carbon, oxygen, and sulfur, respectively.



In Equation (16),     d I   d θ     is the exergy loss rate via irreversibilities, which can be expressed as follows [15,35,37]:


    d I   d θ   = −    T 0   T    ∑ i     μ i      d  m i    d θ    



(21)







Index i involves all reactants and products. For fuel,    u f  =  a  f c h     for gases,    u i  =  g i    that gi is Gibbs free energy. The exergy efficiency is computed as follows:


   η  e x e r g y   =    A W     m f   α  f c h      



(22)










3. Results and Discussion


Figure 2 demonstrates the simulation and experimental in-cylinder pressure data for the B20 fuel at 200 and 215 bars and 1600 rpm. The results show that there is a good correlation between the simulation and experimental data. Regarding the strong correlation between the experimental and simulation data, the exergy terms are computed for different biodiesel–diesel blends at two IPs at 1600 rpm.



The in-cylinder pressure levels at 200 and 215 bar IPs for various fuels are illustrated in Figure 3. With increasing the IP, in-cylinder pressure increases for all fuels. Rising IP leads to better spray atomization and penetration, resulting in better mixture formation and combustion process. The appropriate mixture leads to more energy release throughout the combustion process, and, hence, in-cylinder pressure increases [36,37].



The exergy of different parameters at 200 and 215 bar IPs for B0 fuel is shown in Figure 4. The indicator exergy at IP = 215 bars is more than that for 200 bars because the in-cylinder pressure at 215 bars exceeds that for 200 bars. In addition, burned fuel exergy at 215 bars is slightly higher than that of 200 bars because of the improvement in the atomization of the fuel injection into the cylinder and an increase in the flame speed at higher IPs [38]. The exergy transfer by heat at 215 bars is higher than that of 200 bars because the in-cylinder temperature at 215 bars is more than the temperature at 200 bars. The irreversibility at 200 bars pressure is slightly more than that of 215 bars due to a decrease in in-cylinder temperature at this IP [39].



The impact of different fuels on various exergy parameters is shown in Figure 5. It can be observed that the exergy indicator (heat transfer exergy) of B0 and B20 fuels is more than that of B40, and the exergy of B40 is more than that of B100. This can be attributed to a decrease in in-cylinder pressure as a result of raising the content of biodiesel in fuel blends because of the lesser heat value of the biodiesel fuel. Burned fuel exergy of B20 fuel exceeds that of B0 fuel. Although B20 yields less heat value than B0, the B20 fuel includes oxygen in its chemical structure, and it causes better combustion and consequently higher chemical exergy and burned fuel exergy [40]. Moreover, because of its low heat value, the burned fuel exergy of B100 fuel is considerably less than that of other fuels. Because of high exergy loss due to heat transfer and chemical exergy, the irreversibility rates of B0 and B20 fuel are higher than that of other fuels.



The effect of different biodiesel–diesel blends and IPs on the ratio of different parameters of exergy to fuel exergy and energy and exergy efficiencies is presented in Table 3. As shown, once the biodiesel content increased in the fuel blends, the ratio of heat transfer exergy losses to fuel exergy decreases, but the ratio for irreversibility increases. This suggests that an addition of more biodiesel in fuel blends entails a reduction in the in-cylinder temperature, and as a result, heat transfer exergy decreases [41,42]. Moreover, the incorporation of more biodiesel in blends, the exergy transfer by work raises from 46 to 50.54%. Moreover, by increasing the IP energy and the biodiesel percentage, the exergy and energy efficiencies increase. The obtained results indicated the suitable injection pressure for the engine when fueled with biodiesel–diesel blends.




4. Conclusions


In this study, the simulation model of the energy and exergy of a diesel engine using biodiesel–diesel blends was carried out by homemade code. The homemade code was verified with comparison of experimental and simulation in-cylinder pressure data and the findings are as follows:




	
Comparing data shows the model can predict the energy and exergy parameters with reasonable accuracy at two IPs.



	
The in-cylinder pressure increases with increasing the IP while it decreases by increasing the biodiesel blend ratio in fuels.



	
The heat and work exergy transfer, and burned fuel exergy for 215 bars is higher than that for 200 bars while the irreversibility for 215 bars is lower than that for 200 bars.



	
With increasing biodiesel in blends, the ratio of work exergy transfer to fuel exergy increases from 46 to 50.54%, while this ratio decreases from 16 to 15.49% for heat transfer exergy.



	
By increasing the IP and biodiesel concentration in fuel blends, the exergy and energy efficiencies increase.
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Figure 1. Schematic diagram of the experimental engine setup. 
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Figure 2. Comparison of simulation and experimental data of in-cylinder pressure for B20 fuel at 1600 rpm. 
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Figure 3. The impact of IP on in-cylinder pressure for different fuels. 
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Figure 4. Different exergy parameters at IP = 200 and 215 bars for B0 fuel. 
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Figure 5. The effect of biodiesel-diesel blends on different exergy parameters. 
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Table 1. The characteristics of the OM314 engine.






Table 1. The characteristics of the OM314 engine.





	Type of the Engine
	Four-Stroke Diesel Engine





	Number of cylinders
	Four



	Combustion chamber
	Direct injection



	Aspiration system
	Turbocharged with intercooler



	Bore×Stroke (mm)
	97 × 128



	Displacement volume (liter)
	3.780



	Compression ratio
	17:1



	Maximum power (hp)
	85



	Maximum torque (N.m)
	235



	Maximum speed (rpm)
	2800



	Injection pressure (bar)
	200



	Fuel injection timing
	15 BTDC



	Nozzle position
	Diagonal



	Cooling system
	Water-cooled
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Table 2. The important properties of diesel and biodiesel fuels.
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	Properties
	Diesel
	Biodiesel





	Flash point (°C)
	64
	182



	Kinematical viscosity at 40 °C (mm2/s)
	4.03
	5.35



	Density at 15 °C (kg/m3)
	837
	885



	Low heating value (MJ/kg)
	39.52
	43.21



	Cetane number
	54
	57



	Total Sulphur (%wt)
	0.0500
	0.0018
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Table 3. The impact of different IPs and fuel blends on the ratio of exergy terms to fuel exergy.
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Fuel

	
IP (Bar)

	
    d  A  F     ( J )    

	
     η  e x e r g y   ( % )    

	
     η  e n e r g y   ( % )    

	
      d  A  c y c l     d  A F      ( % )      

	
      d I   d  A F      ( % )      

	
      d I   d  A F      ( % )    

	
      d I   d  A F      ( % )    






	
B0

	
200

	
2142

	
42.96

	
46

	
21.48

	
16.57

	
16

	
46




	
215

	
2175

	
43.6

	
49.4

	
17

	
16.85

	
16.75

	
49.4




	
B20

	
200

	
2074

	
43.81

	
47.93

	
19.24

	
16.98

	
15.85

	
47.93




	
215

	
2112

	
44.15

	
49.94

	
16.71

	
17.02

	
16.1

	
49.94




	
B40

	
200

	
2033.7

	
44.78

	
48.69

	
18.79

	
17.25

	
15.27

	
48.69




	
215

	
2099

	
45.41

	
50.05

	
16.61

	
17.4

	
15.94

	
50.05




	
B100

	
200

	
1871

	
46.38

	
49.26

	
17.86

	
17.78

	
15.1

	
49.26




	
215

	
1894

	
47

	
50.54

	
16

	
17.97

	
15.49

	
50.54








IP: In-cylinder pressure, AF: Fuel exergy, I: Irreversibility, AQ: Heat transfer exergy, Aw: Work transfer exergy, η: Efficiency.
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