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Thermodynamic analysis of an efficient Rankine cycle powered by jacket water, oil engine and exhaust gas waste heat of internal combustion engine; working fluid selection
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Abstract
waste heat in internal combustion engines is expressive and important and can make a big change in the performance of the engine. this paper proposes an original cycle converting the waste heat into power, and analyses its viability from the perspectives of energy and economy. also, the main objective of this paper is to determine the proper working fluid and compilation of the working fluid atlas used in the Rankin cycle for internal combustion engines. Some different working fluids based on changes parameters such as net power output, the cost of heat exchanger, the thermal efficiency and factor of turbine size compared. The results show that the highest thermal efficiency is obtained for R218, R23, R125 and R22, respectively. Also, the maximum size of heat exchangers is gained for methanol, isohexane and R141b, respectively.
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 1.  INTRODUCTION
  The internal combustion engines (ICEs) has been the essential power supply for road transport applications for over one decade. The good transient response and also low cost cause in which the ICEs an excellent source with the needs of road vehicles in an environment with a plenty supply of low cost fuels [1, 2]. one of the other most applications of ICEs is to drive generators to produce electricity. In the internal combustion engines approximately 60% to 70% of the fuel energy is being wasted into environment through exhaust gases and engine cooling systems [3]. However, recovery and utilization of this waste heat saves fuels and also reduces the amount of the emissions. this waste heat could be utilized to produce electricity and etc. because the waste heat is known as low temperature sources, therefore, we have to form appropriate cycles to inform maximum efficiency of the waste heat.
Many developments and technologies are investigated on waste heat recovery of exhaust gas and coolant systems from internal combustion engines (ICE). The most one which is widely paid attention by researchers is Rankine cycle. Depending on the working fluid, it can be divided into two types, including steam Rankine cycle and organic Rankine cycle (ORC), the previous studies show that steam Rankine cycle improve the thermal efficiency by 2.5-7.5%, while organic Rankine cycle can increase it by 5-20%, [4]. The ORC system can be presented as one of the efficient cycle to recover waste heat from low temperature sources due to its simplicity, maintenance lower enthalpy drop with organic fluids as working fluids and higher efficiencies at part loads [5-6]. Strivivasan et al. researched the practical applications of organic Rankine cycle on road vehicles [7]. Xuan et al. [8] estimated that the double loop ORC (DORC) for waste heat recovery (WHR) of a natural gas engine with 100 kw rated power can improve the efficiency of the combined system quite well, as well as showed that the mass flow rate of the high temperature cooling water can increase the output power of the DORC system. Thomas et al. [9] developed an ORC to a 1.9 L light-duty diesel engine, the results show that the peak brake thermal efficiency can be increased from 42.6% to 45%. Tilmann et al. [10] built an ORC dynamic model as WHR system for an ICE to analyze the system dynamic response. Sipeng et al. [11] analyzed a bottoming Rankine cycle with five typical working fluids from the viewpoints of energy and exergy balance. They concluded that ethanol and R113 show better thermodynamic performance. Pandiyarajan et al.[12] investigated on heat recovery from diesel engine exhaust using finned tube heat exchanger and thermal storage system. They concluded approximately 10-15% of the whole heat is recovered which is available at reasonably higher temperature for suitable applications. Thermoelectric generation is another technology with a concise configuration for WHR in engine. However, the conversion efficiency of thermoelectric generation is low and the material of thermoelectric is expensive [13]. Gao et al. [14] studied the performance of Rankine cycle system with a reciprocating piston expander. Their results show that with conditions (intake pressure should be 4-5%MPa and the range of mass flow rate be 0.015-0.021 kg/s) for the waste heat recovery of a turbocharged diesel engine (80kw/2590 rpm) can increase the engine power output by 12%. Zhijun et al. [15] used a novel oxy-fuel combustion way called ICRC (internal combustion Rankine cycle) using pure oxygen instead of air as oxidant. Their results indicated the thermal efficiency can be increase from 33% to 56%. 

The Kalina cycle utilized the ammonia-water as the working fluid. the aim of designing this cycle is using for a combined-cycle energy system as an auxiliary cycle to develop the efficiency of the system, besides, for generating electricity using low-temperature heat sources.
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The result of this investigation showed the thermal efficiency is higher than a Rankine cycle around 10-20% [16]. Larsen et al. [17] investigated the Kalina cycle for WHR on enormous marine diesel engines. They showed the split-cycle process can gain a thermal efficiency of 23.2% when utilizing reheat compared to 20.8% for a typical reference Kalina cycle. Maogang et al. [18] proposed a combined thermodynamic cycle includes the ORC and Kalina cycle for WHR of ICE. Based on this, more waste heat can be recovered by the combined cycle.  Zhi et al. [19]presented a novel concept of combining water injection process. They injected water directly to the combustion chamber in an Otto cycle at top dead center with various conditions. From experimental results, thermal efficiency improved from 32.1% to 41.5% under suitable test condition.  Some attempts have done to reduce CO2 emissions of heat engines in order to improve the overall efficiency and environmental viewpoint [20-22]. 
Besides all studies mentioned above owing to the importance of WHR in the ICEs many other researches, are studied in Ref. [23-32]. Although jacket water heat does not always find use due to its low temperature which is typically around 90 ℃, and usually is dissipated in the ambient in spite of its high thermal power. Few studies have considered the impact of using the jacket water beside exhaust gas in the ICEs and compared with systems which only consider the exhaust gas heat. All their results show that considering jacket water can improve net power output of the cycle and as well as the overall efficiency of the system. One has realized quantitatively that the efficiency as the highest value can be increased almost about 14% [33-40].
As it is obvious utilization of the waste heat in the ICEs is meaningful and significant and can make a big change in the performance of the system, therefore, this paper proposes an original cycle converting the waste heat in the ICEs into power, and analyses its viability from the perspectives of exergy, energy and economy. In the other hands, the main objective of this paper is to determine the proper working fluid and compilation of the working fluid atlas used in the Rankin cycle for internal combustion engines.


2.  CYCLE DESCRIPTION 


  In the internal combustion engines high percentage of fuel energy is wasted through exhaust gases as well as lower percentage is wasted by cooling water and lubricant. The temperature of exhaust gases is around 400˚C to 600 ˚C in diesel engines and 600˚C to 900 ˚C in gasoline engines and the temperature of cooling system and lubricant are less than 150 ˚C. To use these waste heats, the recommended cycle that is based on Rakine cycle has been used with different working fluids which is shown in Figure 1. In this cycle, cooling system and lubricant are as preheater and exhaust gases are used as main source. According to the schematic of cycle, working fluid enters the pump as saturated liquid (state 1) is compressed isentropically to high pressure of cycle (state 2) after that it enters the first preheater and exchange with lubricant during this constant pressure process. Therefore, the temperature of lubricant decreases from 60˚C (state 11) to 35 ˚C (state 12) and working fluid temperature increases somewhat (state 3). In the second stage of preheating, the working fluid receive heat from engine water (state 4), where the temperature of engine water decrease from 150 ˚C (state 9) to 70˚C (state 10). The working fluid is received the primary heat from exhaust gases in the final step of heating and leaves as a superheated vapor (state 5). The superheated vapor enters the turbine where it expands isentropically and generates work. The pressure of the working fluid drops during this process to the low pressure of cycle (state 6) after condensing the working fluid in the condenser.
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                                                           Figure 1. The schematic of the Rankine cycle
2.1 . Thermodynamics Analysis 

  The cycle analyzed based on the first law of thermodynamics. For this analysis simplified assumptions have been considered as follows:
1. The pump and the turbine are considered as isentropic devices 
2. Pressure drop through heat exchangers is negligible 
3. Kinetic and potential energy changes ignored  
4. The working fluid leaves the condenser as saturated liquid 
5. Heat losses in pipes are negligible
Considering above assumptions the conservation of energy relation for each device can be stated in Table 1.

TABLE 1.
Energy relation for each device.    
	Device
	Relation                                                              

	pump
	


	lubricant
	


	cooling system
	


	exhaust gas
	


	turbine
	





Network for this cycle can be calculated according to the following equation:

                                   (1)                                                                                                                                        

 The total heat transfer coefficient , which utilized as a criterion for the cost of heat exchangers, could be expressed as follow:


       (2)                                                                                                                        (3)                                                                                                                                    



Where is the logarithmic mean temperature difference (LMTD), in which represents the maximum and implies the minimum temperature at the each end of the heat exchanger.
As the turbine size is a significant factor in analysis of the power cycles, it also has been considered in the present paper that is stated in the following relation: 


                               (4)                                                                                                                                                                                  


Where is the volume exit and is the enthalpy drop across the turbine

TABLE 2.
Working conditions for the cycle
	Parameter                                                                         value

	   High pressure of the cycle (kpa)                                            3000
Low pressure of the cycle (kpa)                                             100
Exhaust gas temperature (°C)                                                 450
Cooling temperature (°C)                                                       150
Lubricant temperature (°C)                                                     60
Exhaust gas mass flow rate of engine (kg s-1)                        0.07
Cooling mass flow rate (kg s-1)                                               0.25
Lubricant mass flow rate (kg s-1)                                            0.2
Temperature of outlet exhaust gas, T8(°C)                              300
Temperature of outlet cooling water, T10(°C)                         70
Temperature of outlet lubricant, T12(°C)                                 35    




TABLE 3.
Working fluids and their specifications.    
 (n.a.: non-available, ODP: ozone depletion potential, GWP: global warming potential)    
	No. 
	Name
	TC (k)
	PC(Kpa)
	ODP
	GWP(100yr)
	               Type 
	Safety factor (0n.a.4) 

	1
	R218
	344.95
	2761
	0
	8830
	n.a.
	n.a.

	2
	Rc318
	388.4
	2800
	0
	10300
	Dry 
	n.a.

	3
	R227ea
	375.95
	3000
	n.a.
	n.a.
	n.a.
	0.55

	4
	n-hexane
	507.67
	3034
	0
	3
	Dry
	n.a.

	5
	Isohexane 
	495.55
	3040
	0
	Very low
	Dry
	n.a.

	6
	R236fa
	398.1
	3200
	0
	9810
	Isentropic 
	n.a.

	7
	R114
	418.68
	3257
	1
	10040
	Isentropic
	n.a.

	8
	n-pentane
	569.55
	3370
	0
	<25
	Dry 
	n.a.

	9
	R1234yf
	367.7
	3382
	0
	6
	Hydrofluoroolefin
	n.a.

	10
	R113
	487
	3392
	1
	6130
	Chlorofluorocarbon
	n.a.

	11
	p-xylene
	616
	3532
	n.a.
	n.a.
	Hydrocarbon
	n.a.

	12
	R125
	339.02
	3617
	0
	3500
	n.a.
	n.a.

	13
	R124
	395.43
	3620
	n.a.
	n.a.
	n.a.
	2

	14
	R600a
	407.6
	3629
	0
	3
	Hydrocarbon
	n.a.

	15
	Isobutane 
	407.6
	3629
	0
	3
	Hydrocarbon
	n.a.

	16
	R1234ze (E)
	382.4
	3635
	0
	4
	Hydrofluoroolefin
	n.a.

	17
	R245fa
	427.2
	3640
	n.a.
	n.a.
	n.a.
	0

	18
	R123
	456.68
	3662
	0.012
	120
	isentropic
	n.a.

	19
	R143a
	345.11
	3761
	0
	4470
	n.a.
	n.a.

	20
	R600
	425.13
	3800
	n.a.
	n.a.
	n.a.
	2

	21
	R142b
	410.11
	4070
	0.07
	2310
	Isentropic
	n.a.

	22
	Cyclohexane 
	553.49
	4075
	0
	Very low
	Dry
	n.a.

	23
	Toluene 
	591.6
	4126
	0
	3.3
	Dry
	n.a.

	24
	R141b
	477.3
	4212
	0.12
	725
	Hydrochloroflurocarbon
	n.a.

	25
	R290
	369.83
	4250
	n.a.
	n.a.
	n.a.
	2.2

	26
	Propylene 
	365.42
	4664
	0
	1.8
	n.a.
	n.a.

	27
	R23
	299.29
	4830
	n.a.
	n.a.
	n.a.
	0

	28
	benzene
	561.9
	4894
	0
	low
	isentropic
	n.a.

	29
	R22
	369.15
	4990
	0.05
	1810
	Wet 
	n.a.

	30
	R32
	351.11
	5782
	0
	675
	n.a.
	n.a.

	31
	ethanol
	514.5
	6268
	n.a.
	n.a.
	Alcohol
	n.a.

	32
	methanol
	512.4
	8104
	n.a.
	2.8
	Alcohol
	n.a.

	33
	ammonia
	405.2
	11333
	0
	0
	Inorganic
	n.a.




3. RESULTS AND DISCUTION

In order to investigate the thermodynamic analysis of the proposed cycle, working conditions are assumed and shown in Table 2. This analysis done for 25 different working fluids based on these working conditions. Also, Table 3 shows the working fluids and their specifications. To compare the used working fluids, the parameters such as output power, thermal efficiency, heat exchangers and factor of turbine size.


Figures 2 and 3 demonstrate the variation of thermal efficiency with the change in the heat source temperature (T7). Increasing the heat source temperature increases the thermal efficiency for the majority of the working fluids. The reason of this behavior is that increasing the exhaust temperature leads to increase the temperature of the turbine’s inlet and subsequently the enthalpy of this state of the cycle. These changes cause an improvement in the turbine output work and afterwards the thermal efficiency. As shown in the mentioned figures the most thermal efficiency is for R218 and R23 in the temperature ranges between to .  Figures 4 and 5 show that thermal efficiency decreases by increasing the working fluid’s pressure for different working fluids. With increasing the high pressure of the cycle, net power output is decreased and causes thermal efficiency is reduced.  



[image: ] Figure 2. Effect of exhaust temperature on the thermal efficiency

[image: ]Figure 3. Effect of exhaust temperature on the thermal efficiency



[image: ] Figure 4. Effect of high pressure on the   thermal efficiency

[image: ]Figure 5. Effect of high pressure on the thermal efficiency


Increase in heat source temperature (T7) of the cycle increases the temperature of the turbine’s inlet (T5) and subsequently net power output. Figures 6 and 7 show the effect of the changes in the heat source temperature on the net power output for working fluids. Based on these figures it is obvious that the greatest increase is dedicated to R23 and R218 and the lowest is dedicated to ethanol and ammonia.



[image: ]
Figure 6. Effect of exhaust temperature on the net power output

[image: ] Figure 7. Effect of exhaust temperature on the net power output
    

Every cycle is investigated by different aspects which one of these aspects is from economical point of view. To investigate economical aspect of a cycle, the cost of heat exchanger is an important parameter. Whereas large-sized heat exchanger leads to high costs and it is not economical, so that in this study we have considered this. In order to choose an appropriate working fluid, the size of heat exchanger is also considered. It is worth to be mentioned that not being in two-phase state is a necessity to have a small size of heat exchanger. Low difference temperature leads to possess low heat transfer. Figures 8 and 9 demonstrate the change of the total heat transfer with the exhaust temperature (T7). As it can be figured out from Figures 8 and 9 the biggest level of heat exchanger is dedicated to methanol and the least value is related to R290, propylene and R23. As shown in the two mentioned Figures for the rest of working fluids the values are close to each other.  

 
 

[image: ]
Figure 8. Effect of exhaust temperature on the total heat transfer
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Figure 9. Effect of exhaust temperature on the total heat transfer



Figures10 and 11 show that the size of turbine increases somewhat by increasing the temperature of the exhaust gases from engine. The maximum turbine size is dedicated to p-xylene while there are few working fluids which have almost the same value as p-xylene. 



[image: ]
Figure 10. Effect of exhaust temperature on the factor of turbine
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   Figure 11. Effect of exhaust temperature on the factor of turbine


3.  CONCLUSION 

      In the present study, designing an efficient thermodynamic cycle in order to make the best use of the whole heat losses energy in the engine of internal combustion engine is aimed. Some different working fluids based on changes parameters such as net power output, the cost of heat exchanger, the thermal efficiency and factor of turbine size compared and the major findings of the study are as follows:
1. Increasing the temperature of exhaust gas increases the working fluid temperature of the inlet of turbine and subsequently net power output. 
2. The Greatest increase in the net power output in the investigated ranges of temperature is dedicated to R218 and R23.
3. The maximum size of heat exchangers is gained for methanol, isohexane and R141b, respectively.
4. The least amount of the turbine size is related to R23, R125 and R22, respectively.
5. The highest thermal efficiency is obtained for R218, R23, R125 and R22, respectively. 
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