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Abstract

:

This article describes and evaluates an Organic Rankine Cycle (ORC) for waste heat recovery system both theoretically as well as experimentally. Based on the thermodynamic analysis of the exhaust gas temperature identified at different locations of the exhaust manifold of an engine, the double-pipe, internally–externally protruded, finned counter flow heat exchanger was innovatively designed and installed in diesel engine for exhaust waste heat recovery (WHR). The tests were conducted to find the performance of heat recovery system by varying the fin geometries of the heat exchanger. The effect of heat exchanger on emission parameters is investigated and presented in this work. The experimental results demonstrated that the amount of heat transfer rate, the effectiveness of heat exchange rand the brake thermal efficiency improved with an increase in length and number of the fins. A significant reduction was observed in all major emissions after the implementation of catalytic-coated, protracted finned counter flow heat exchanger. It also demonstrated the possibility of electric power production using steam turbo-electric-generator setup driven by the recovered exhaust heat energy.
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1. Introduction


Global energy demand is increasing every day due to excess population, transportation of people and products across the nations, and for industrial purposes. In order to overcome the present deficiency situation, there is a need for effective techniques to leverage the maximum amount of available energy. Improvement in the efficiency of internal combustion engines plays a great hardship for the researchers. A diesel engine utilizes a maximum of 30% from the fuel energy whereas the rest is lost due to cooling and exhaust gases. The engine crankshaft receives less than 30% of the generated energy. About 40% of the fuel energy gets wasted in exhaust gas whereas the remaining amount of heat energy goes unused in cooling system as well as during friction losses [1]. In the present research work, innovative steps have been taken to recover the heat wasted from the engine exhaust gas. Thermo electric generator, turbo-compounding, rankine cycle, Organic Rankine Cycle, gas turbine cycle, exhaust gas recirculation, automotive air conditioning, six stroke engine concept are the different techniques available to utilize engine WHR [2].



Based on the literature review, in order to utilize the waste heat energy available in the exhaust gas, different types of heat exchangers and Organic Rankine Cycles are used. Previous research works mainly focused in harvesting the exhaust heat energy. However, studies related to heat exchanger with innovative heat recovery and simultaneous reduction in emissions were not carried out. This necessitates the invention of novel conceptual design on exhaust heat recovery heat exchanger for the betterment of energy recovery and diesel engine exhaust emission reductions. In the present work, an internally–externally protruded and finned counter flow heat exchanger was designed, fabricated, and experimented in order to utilize the exhaust heat. The waste heat recovered was utilized to generate power using turbo-electric-generator set up and the emission characteristics were also investigated. The current paper discusses about the experimental set up and the methodology to conduct experiments. The PFCHE design and its parametric properties were estimated. The detailed results, discussion regarding the PFCHE-based waste heat recovery and its impact on engine exhaust emissions are discussed in the sections below.




2. Literature Review


In every phase of research and development in WHR, there is a well-defined need exist for exploration and interpretation of the technical literature. The first step in research work is to conduct an extensive review of the related works conducted earlier. The review process comprises of specific information, detailed survey, and preliminary review. This paper reviewed a number of peer-reviewed journal articles to illustrate various fields of hypotheses subjects. A summary of closely-related literature is presented in Table 1.




3. Experimental Setup and Methodology


A single cylinder with four stroke, water-cooled, and naturally-aspirated diesel engine was designed to generate 3.7 kW power at 1500 rpm which was utilized for waste heat recovery and emission analysis experiments. The technical specifications of the engine are tabulated in Table 2. Air flow was determined accurately by measuring the pressure drop across a sharp edge orifice of the air surge chamber using U-tube manometer. The diesel flow was measured using a burette arrangement by noting the time of fixed volume of diesel consumed by the engine. A water-cooled piezoelectric pressure transducer was fixed onto the cylinder head to record the pressure variations in cathode-ray oscilloscope screen along with crank angle encoder. The exhaust gas temperature was measured by a chromel–alumel K-type thermocouple. The exhaust gas constituents such as HC, CO, CO2, and O2 were measured using an AVL 444N model gas analyzer (Gurgaon, New Delhi, India). NOx emission was measured using heated vacuum NOx analyzer (Camberley, Surrey, England) whereas the smoke emission was measured by an AVL smoke meter (Gurgaon, New Delhi, India). Based on the thermodynamic analyses of exhaust gases’ temperature at different locations in the exhaust manifold of an engine, the protracted internally–externally finned counter flow heat exchanger was designed and implemented in diesel engine for exhaust heat recovery with water as the working fluid. A schematic representation of the experimental arrangement is shown in the Figure 1. The engine was started using diesel fuel and allowed to warm up. The amount of the injected diesel fuel got automatically varied due to the governor attached to it and this maintained the engine speed at 1500 rpm throughout the experiment. The exhaust heat recovery and emission analysis were performed for different engine loading conditions.



Furthermore, the turbine generator setup was facilitated to examine the efficiency of the heat recovery system. The exhaust gas temperature was measured at different locations in order to locate the heat recovered by the heat exchanger to achieve the maximum effectiveness of heat exchanger which is installed in the diesel engine. As shown in the Figure 2, the exhaust gas temperature decreases as the distance from engine mouth increases. It is mainly due to the loss of heat energy to surroundings with increase in travel distance. At full load condition, the engine acquires more amount of air fuel mixture and thus involves in high rate of combustion which results in higher exhaust gas temperature compared to other engine conditions.



3.1. Protracted Finned Counter Flow Heat Exchanger Design Parameters


The protracted-finned heat exchanger design is primarily aimed at recovering internal combustion exhaust heat energy. While enumerating the heat exchanger design, the exhaust gas mass flow rate was calculated for a selected diesel engine by adding the mass flow rate of air and fuel for single cylinder diesel engine. The working fluid used in heat exchanger plays a vital role in extracting the heat. The properties of working fluids (i.e., water as cold fluid and engine exhaust gas as hot fluid) are listed in Table 3. Aluminium is selected as the heat exchanger material by considering its favorable thermal conductivity value of 204.4 W/(m·K).



3.1.1. Convection Heat Transfer Coefficient of Heat Exchanger


The heat transfer coefficient formulates the required length and size of the heat exchanger including developing and fully-developed regions to recover exhaust waste heat energy. Numerous parameters were considered and the data was calculated to find the heat transfer coefficient for inner pipe and the outer pipe of a typical heat exchanger [22]. Table 4 shows the determined values of various parameters which are essential to find out the heat transfer coefficient.




3.1.2. Heat Transfer Surface Area of Protracted Finned Heat Exchanger


The convective heat transfer area has to be calculated in order to determine the heat transfer rate as well as other important thermal parameters. The equations used for different conditions are as follows. If fins are added into exhaust gas (internally–externally) side to promote the boundary layer separation, it enhances the increased heat transfer for this experimental work and the total heat transfer surface area is calculated using the expression as follows


 As=Atotal=Aunfinned +NfAfin 



(1)







The determined values of the heat transfer area are tabulated in Table 5. The heat exchanger fins’ performance parameters like efficiency and effectiveness are getting increased due to its construction material that possess higher thermal conductivity characteristics.




3.1.3. Overallheat Transfer Co-Efficient


The overall heat transfer coefficient is primarily influenced by thickness and thermal conductivity of the media through which heat is getting transferred effectively. The larger the coefficient, the easier heat gets transferred from its source to the working fluid being heated. In a heat exchanger, the overall heat transfer co-efficient (U) for protracted finned double-pipe heat exchanger was calculated using the following equation for the particular design considered [23]. The determined overall co-efficient value was 10.257 W/(m2·K).


 1UAs=Rtotal=1hiAi+RfiAi+ln(dodi)2πLk+RfoAo+tikAfi+tokAfo+1hoAo 



(2)








3.1.4. Effectiveness of the Designed Finned Heat Exchanger


The effectiveness of the heat exchanger remains the ‘performance measuring parameter’ of the component which was designed and utilized for the heat recovery. It is the ratio of the actual heat transfer rate for a heat exchanger to the maximum possible heat transfer rate [24].


Effectiveness (ԑ)=QactualQmax=Ch(Thi−Tho)Cmin(Thi−Tci)=Cc(Tco−Tci)Cmin(Thi−Tci)=1−e−NTU(1−Cr)1−Cre−NTU(1−cr)



(3)







In general, it is possible to express effectiveness as a function of Number of Transfer Units, NTU; the heat capacity rate ratio, Cr; and the flow arrangement in the heat exchanger,


 Number Transfer Unit (NTU)=UAsCmin 



(4)







The first dimensionless parameter is nothing but Heat Capacity Ratio, the percentage of the minimum-to-the-maximum value of Heat Capacity Rate for the exhaust gas and water. The heat capacity ratio of a fluid is determination of its capability to liberate or take up heat. This is calculated for both fluids as the product of the mass flow rate times the specific heat capacity of the fluid,


 Heat capacity ratio (Cr)=CminCmax 



(5)







By substituting all the determined values in the effectiveness Equation (3), the protracted internally–externally finned counter flow double-pipe heat exchanger effectiveness (ԑ) in % was calculated as 75.67. The effectiveness of the designed double pipe protracted finned type of heat exchanger shows a considerable improvement when compared with the design carried outfor double pipe heat exchanger without fins [25].




3.1.5. Geometry Design Parameters of Finned Heat Exchanger


Based on the above designed procedure, Table 6 lists out the parameters obtained for the protruded finned counter flow heat exchanger. Without affecting the heat transfer co-efficient, the optimized number of fins were coated with diesel oxidation catalysts so as to reduce the engine emissions. The Figure 3 depict various designed parameters of the heat exchanger. According to the design, the heat exchanger was fabricated and fitted in the diesel engine exhaust manifold.





3.2. Error Analysis


Errors and uncertainties are usually unavoidable in any research and it is associated with various primary experimental measurements and the calculations of performance parameters. It can occur during selection of instruments, conditioning, environmental factors, calibration, observation, test planning, and while taking readings. Uncertainty analysis is usually carried out to prove the precision and accuracy of the experiments. Percentage uncertainties of different parameters like performance, emission, and combustion parameters were calculated using the percentage uncertainties of various instruments tabulated in Table 7. The total percentage of uncertainty in this experiment is determined by using an Equation (6)


Total percentage of uncertainty                                      ={(TFCUC)2+(BPUC)2+(SFECUC)2+(BTEUC)2+(CO2UC)2                                      +(HCUC)2+(NOxUC)2+(SmokeUC)2+(EGTUC)2 +(PPUC)2+(ϵ)2                                      +( HTUC)2+(POUC)2}=±2.61.



(6)







Using the appropriate calculation procedure, the total uncertainty for the entire experiment was obtained to be ±2.61%. An uncertainty analysis was carried out using the method put forth by Holman [26,27].





4. Results and Discussion


An innovative PFCHE was designed and fabricated to extract and utilize in the production of useful power output and simultaneously to reduce the engine emissions. The following topics discuss about the performance of PFCHE and emission characteristics of the engine.



4.1. Fin Geometry Effect on Exhaust Gas Outlet Temperature


The effect of fin geometry on exhaust gas temperature is shown in the Figure 4. As shown in the plot, the final temperature of the exhaust gas decreases as the number and length of the fin increases due to high availability of heat transfer surface area. About 57% of the heat was recovered when the number of fins and the fin length of heat exchanger were modified from 6 to 12 and 0.6 m to 1.0 m respectively.




4.2. Energy Recovered by the Working Fluid


The amount of heat absorbed by the working fluid shows an increasing trend with respect to increase in the geometric parameters such as number and length of the fin. As shown in Figure 5, the maximum water outlet temperature was attained when the fin length was 1.0 m with a total of 12 fins. About 37% additional heat absorption was observed, when the fin number and the fin length varied from 6 to 12 and 0.6 m to 1.0 m respectively, due to improved heat transfer area.




4.3. Heat Transfer Rate of Working Fluid


Figure 6 shows the variation in heat transfer rate with fin geometry. The rate of heat transfer in the working fluid was determined according to Log-Mean Temperature Difference method (LMTD). The maximum heat transfer of 550 W was obtained for 1.0 m fin length with 12 fins compared to all other fin geometries. About 39% high amount of heat transfer rate was observed in PFCHE with fin length of 1.0 m when compared with CHE without fins. High heat transfer rate was achieved for 1.0 m fin length when compared with partially-coated heat exchanger. The recovered exhaust energy was used to run the turbine and in-turn the turbo-electric generator. The results showed that this set up can produce 0.06 kW and 0.55 kW of power when the turbine speed is 1500 rpm and 3500 rpm respectively.




4.4. Effectiveness of the Heat Exchanger


As the number of fins and length increases, the transfer area also increases due to which the actual heat transfer rate increases which results in the increased effectiveness of heat exchanger. It is evident from the Figure 7, that the effectiveness of heat exchanger increases with increased length and number of fins. The maximum amount of effectiveness, that is, 76%, was found for 1.0 m fin length and 12 fins compared to other fin geometries. The overall performance of the heat exchanger got improved by fin and geometrical configurations of the heat exchanger as advised by Mohd Zeeshan [28].




4.5. Brake Thermal Efficiency


The variation of brake thermal efficiency with brake power for different heat exchanger parameters is shown in Figure 8. The brake thermal efficiency was calculated from the ratio of brake power and additional power produced by WHR to the total energy input contributed by the diesel fuel. The brake thermal efficiency in waste heat recovery technique at full load is found to be 37% at PFCHE without coating, 34.5% at heat exchanger without fins, 36% at partially coated PCFHE. It was observed that the overall brake thermal efficiency increased about 5% by utilizing the waste heat energy recovered from the exhaust gas.




4.6. Engine Emission Parameters


4.6.1. Hydro Carbons


Hydrocarbon emission is the emission of a combination of unburned fuels due to low temperature that occurs near the cylinder wall. Hydrocarbons consists of thousands of species such as alkanes, alkenes, and aromatics. Diesel engines normally release low levels of hydrocarbons compared to petrol engines. The impact of heat exchanger on hydrocarbon emission is shown in Figure 9. As shown in the plot, there is a significant increase in hydrocarbon when brake power was increased. The hydrocarbon emission was comparatively higher when the emission test was conducted without finned heat exchanger set up, whereas it was lower when the emission test was conducted with finned heat exchanger. The partially-coated finned heat exchanger resulted in reduced hydro carbon level due to oxidation effect [29].




4.6.2. Carbon Monoxide


Carbon monoxide emission mainly occurs due to incomplete combustion of air and fuel. Particularly, it can be caused at beginning as well as at instantaneous acceleration of engine during which the rich mixtures are required. In rich air–fuel mixtures, due to air shortage and reactant concentration, all the carbon cannot be converted into CO2 due to which CO is produced. Figure 10 depicts the comparison of CO emission from an engine exhaust ‘with finned’ and ‘without finned’ the use of heat exchanger. When the test was conducted without installing finned heat exchanger, CO was highly emitted than when using heat exchanger with fins. With the protracted finned heat exchanger, carbon monoxide emissions started to reduce at high load conditions due to lattice oxygen donation from the diesel oxidation catalyst and its reaction with exhaust gases [30].




4.6.3. Nitrogen Oxides


Nitrogen oxides are known as nitrogen monoxide (NO) and nitrogen dioxide (NO2). NO constitutes about 85–95% of NOx. Figure 11 shows the comparison of NOx emission variations in the experimentation conducted between ‘with finned heat exchanger’ and ‘without finned heat exchanger’. Heat exchanger-based heat recovery technique can reduce considerable amount of NOx emission when compared with experimental results retrieved from ‘without using fins’ in the heat exchanger. This reduction might be due to the recovery of thermal energy from exhaust gases and the reaction of exhaust gases with oxidation catalyst used in heat exchanger fins [31].




4.6.4. Carbon Dioxide


The variation of carbon dioxide emission in the exhaust manifold using heat exchanger is plotted in the Figure 12. It shows that there is a slight increase in CO2 emission when using PFCHE in the diesel engine exhaust compared to heat exchanger without using fins. Waste heat recovery system and its design allow to reduce half of the CO2 emissions in the diesel engines, when compared to other techniques [32]. It may be due to the oxidation effect of the catalysts used in the PFCHE.




4.6.5. Smoke Intensity


The comparative results of smoke intensity is indicated as Hatridge Smoke Units (HSU)and is shown in Figure 13. Variation of smoke emissions is relatively less at low power operations due to a smaller amount of fuel particle being present in the burning process. The impact of the implementation of ‘protracted both internally–externally finned counter flow heat exchanger with partial coating’ in waste heat recovery resulted in low smoke emissions when compared with diesel fuel. This is due to the diesel oxidation catalyst used in part of the heat exchanger fins and reactions with exhaust gases. The smoke was formed due to pyrolysis of PAH (Polycyclic Aromatic Hydrocarbons) and it predominated at full load operating conditions [33].






5. Conclusions


In internal combustion engines (ICEs), About 70% of the heat energy produced by pistons is lost due to the exhaust and cooling process. In this study, an innovative double-pipe, both internally–externally PFCHE was designed and adopted to recover the heat from engine exhaust gas and in parallel, it was also aimed at reducing the harmful exhaust emissions. The following conclusions can be drawn from the experimental results.

	➢

	
The analytical results indicated a positive notion about the overall efficiency of Organic Rankine Cycle heat recovery system. The experimental results demonstrated that from the heat exchanger without fins, the amount of heat extracted was 335 W. With innovative finned heat exchanger, the amount of heat recovered was 550 W. High amount of heat transfer was achieved, namely, 39%, when the fin length varied from 0.6 m to 1.0 m and when the number of fins were increased from 6 to 12.




	➢

	
By comparison, the effectiveness of the PFCHE was able to reach its full load operation from 71% to 75%. The effectiveness of the heat exchanger without fins was 10–13% lesser than that of the effectiveness with 1.0 m length finned heat exchanger. It was also revealed that, as the fin numbers and its length increases, the heat transfer rate increases which further resulted in improved performance of the heat recovery system and increased brake thermal efficiency from 32% to 37%.The developed heat recovery system can produce 0.06 kW and 0.55 kW of power when the turbines execute at 1500 rpm and 3500 rpm respectively.




	➢

	
The application of partially-coated, protracted, and finned heat exchanger showed a considerable reduction in the engine emissions due to diesel oxidation catalysts coating. A reduction in HC, CO and NOx emissions was observed with partially coated PFCHE. The reduction in HC and NOx emissions at full load were 16% and 7% respectively when compared to base line engine operation without heat exchanger. Smoke got decreased from 60 HSU to 45 HSU at full load operation of the engine. The reduction could be attributed due to the properties of material used for heat exchanger and exhaust gas reactions.









On the whole, it can be concluded that DOC-coated PFCHE resulted in increase in the heat transfer rate, effectiveness and brake thermal efficiency when compared to the heat exchanger without fins. HC, CO, NOx and smoke emissions were less than the base line engine operation without heat exchanger. As per the current study results, it is found that the partially-coated PFCHE could be a suitable heat exchanger to recover exhaust heat energy and can reduce engine exhaust emissions. In future, the area of research has to be explored in depth towards the integration of engine coolant heat and exhaust using various power plant cycles. It should also focus on performance improvement under different working fluids that can make better use of a low temperature exhaust heat recovery system and minimize the installation cost along with the size of WHR system.
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Nomenclatures








	ρ
	fluid density (kg/m3)



	As
	heat transfer surface area (m2)



	U
	overall heat transfer coefficient (W/m2·K)



	Q
	rate of heat transfer (W)



	Qactual
	actual heat transfer (W)



	Qmax
	maximum possible heat transfer (W)



	D
	cylinder bore (m)



	L
	stroke length (m)



	N
	engine speed (rpm)



	ma
	mass flow rate of air (kg/s)



	mf
	mass flow rate of fuel (kg/s)



	Cp
	specific heat capacity (J/kg·K)



	μ
	viscosity (N·s/m2)



	di
	inner pipe inside diameter (m)



	do
	inner pipe outside diameter (m)



	Vh & Vc
	velocity of hot and cold fluids (m/s)



	Kh & Kc
	thermal conductivity of hot and cold fluids (m/s)



	Thi & Tci
	inlet temperature of hot and cold fluids (K)



	Tho & Tco
	outlet temperature hot, cold fluids (K)



	Re
	Reynolds number



	Pri
	Prandtl number



	Nu
	Nusselt number



	f
	friction factor



	h
	convection heat transfer co-efficient (W/m2·K)



	Dh
	hydraulic diameter (m)



	Nf
	number of fins



	H
	height of fin (m)



	T
	thickness of fin (m)



	A
	fin cross section area (m2)



	P
	perimeter of fin (m)



	Lf
	length of fin (m)



	Af
	finned surface area for heat transfer (m2)



	Ab
	un-finned area of pipe (m2)



	At
	total area of finned tube heat exchanger (m2)



	Rtotal
	total thermal resistance (m2·K/W)



	Rfi&Rfo
	fouling factors of inner pipe and outer pipe (m2·K/W)



	Rwall
	resistance of wall (m2·K/W)



	Cc
	heat capacity of cold fluid (J/kg·K)



	Ch
	heat capacity of hot fluid (J/kg·K)



	Cr
	heat capacity ratio



	ε
	effectiveness of heat exchanger



	Acronyms
	



	ICEs
	internal combustion engines



	WHR
	waste heat recovery



	TEG
	turbo electric generator



	ORC
	organic rankine cycle



	PFCHE
	protracted finned counter flow heat exchanger



	CHE
	counter flow heat exchanger



	LMTD
	log mean temperature difference



	NTU
	number of transfer units



	EGT
	exhaust gas temperature



	HT
	heat transfer



	BP
	brake power



	PP
	pressure pickup



	PO
	power output



	BTE
	brake thermal efficiency



	HC
	hydro carbons



	CO
	carbon monoxide



	NOx
	nitrogen oxides



	CO2
	carbon-di-oxide



	HSU
	hatridge smoke units



	PAH
	polycyclic aromatic hydrocarbons



	DOC
	diesel oxidation catalysts
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Figure 1. Schematic diagram of experimental setup. 
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Figure 2. Exhaust gases temperature at different locations. 
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Figure 3. Schematic sketch of 2-Dimensional, 3-Dimensional and fabricated heat exchanger views of PFCHE. (a) Front view, (b) Side view, (c) Top view, (d) Isometric view, (e) Fabricated view. 
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Figure 4. Variation of exhaust gas outlet temperature with fin geometry. 
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Figure 5. Variation of working fluid outlet temperature with fin geometry. 
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Figure 6. Variation of heat transfer rate with fin geometry. 
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Figure 7. Effectiveness of heat exchanger with fin geometry. 
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Figure 8. Effect of waste heat recovery (WHR) on brake thermal efficiency. 
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Figure 9. Effect of heat exchanger on HC emission. 
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Figure 10. Effect of heat exchanger on CO emission. 
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Figure 11. Effect of heat exchanger on NOx emission. 
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Figure 12. Effect of heat exchanger on CO2 emission. 
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Figure 13. Effect of heat exchanger on smoke intensity. 
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Table 1. Literature summary of closely related work.






Table 1. Literature summary of closely related work.





	Ref. No.
	Authors
	Year
	Objective and Outcomes





	[3]
	W Gu et al.
	2009
	Recovering low and medium-temperature heat (that ranges from 60 °C to 200 °C) from sources which include industrial waste heat, geothermal energy, solar heat, biomass, and so on, is an important sustainable method to solve the energy crisis.



	[4]
	Borsukiewicz-Gozdur et al.
	2007
	Organic Rankine Cycle (ORC) systems are feasible for power generation from these low and medium-temperature heat sources. This cycle consists of elements such as boiler, condenser, expander, pump, and working fluid. Organic fluids are more comfortable to work at a low temperature source compared to other fluids.



	[5]
	Damiana Chinese et al.
	2004
	The Organic Rankine Cycle boiler receives heat energy from engine exhaust gases and it converts working fluid into steam energy. Steam expands at turbine and produces the mechanical rotation of the output shaft which generates power. The exhaust of the turbine is supplied to a condenser for phase change. Finally, the working fluid gets circulated to boiler for the same kind of repeated operations through the pump.



	[6]
	Uilli Drescher et al.
	2007
	A procedure was created to calculate ORC efficiency with sufficient accuracy, based on the design institute for physical properties and also to find appropriate fluids for ORC in biomass power plants.



	[7,8]
	Rieder de Oliveira Netoetal et al.
	2016
	A study was conducted upon waste heat energy recovery from internal combustion engines using Organic Rankine Cycle. A technical and economic study was conducted in this work in order to increase the efficiency of electricity production, and thus reduce the fuel consumption as well as emission of polluting gases from internal combustion engines. In order to achieve it, two Organic Rankine Cycle sets were suggested. The first one was facing deployment in water shortage areas (Organic Rankine Cycle using a cooling tower for the condensing system) and another one with water supply condenser made by urban water net. Both simulated systems were able to increase electricity production by almost 20% when toluene was used as working fluid.



	[9]
	Muhammad Fairuz Remeli et al.
	2014
	A theoretical model was developed to extract the exhaust waste heat and simultaneous power generation by utilizing a thermo-electric generator and heat pipe. The theoretical system was developed to measure the performance of heat pipes and thermo-electric generator based on heat pipe in numbers, heat input, and air flow rate. The heat transfer rate has reached its maximum level when more rows of heat pipe and thermo-electric generator module were installed. It was concluded that the design was able to recover 10.39 kW of the electrical power and 2 kW of the heat input used to extract 1.35 kW of thermal energy from the engine.



	[10]
	Mastrullo R et al.
	2015
	Modelled and optimized a shell and lowered mini-tube heat exchanger for internal combustion engine which was installed with Organic Rankine Cycle. In order to achieve better energy conversion process, heat exchangers were designed with less weight and refrigerant charge. Two engines were installed in order to design and optimize the heat exchanger for waste heat recovery process.



	[11]
	M. Hatami et al.
	2014
	Aimed at obtaining a numerical study of the finned type of heat exchangers for waste heat recovery from internal combustion engines. The proposed technique of Hatami et al. used water as the working fluid for compression ignition engines whereas for spark ignition engine, it used water with ethylene glycol as working fluid. In this work, numerical designs were carried out successfully for extracting exhaust heat from internal combustion engines. The discussions were very clear in this study about the impacts on heat recovery due to fin numbers, length, and thickness. The study concluded with improved heat transfer rate and positive energy recovery results.



	[12]
	Bock Choon Pak et al.
	2003
	An experimental study was conducted to investigate the effects on air side fouling and cleaning of various condenser coils. The results stated that the amount of dust deposits mostly depends on fin geometry of the heat exchangers.



	[13,14]
	Chen Bei and

H. G. Zhang et al.
	2015

2013
	A numerical model was established for heat recovery from the exhaust gas of an engine. Engine exhaust gas mass flow rate and exhaust gas temperature values were taken for the analysis from heavy duty diesel truck engine and light duty passenger car engine. It was found that under any working conditions, the efficiency of engine is increased with the combination of Organic Rankine Cycle when compared to original engine performance.



	[15,16]
	Heng Chen and

Yu jin et al.
	2015

2013
	In their experimental results, it was revealed that the pressure drop increases with the increase of fin height and fin width.



	[17]
	Songsong Song et al.
	2015
	Waste heat recovery has great potential in terms of increasing the efficiency and optimizing the fuel consumption. The conservative steam power cycle is applied in general industrial power plants widely; however, the performance of the Rankine cycle is not suitable to tap the energy from low-temperature waste heat source. In order to increase the efficiency and sound economic performance of energy sources, ORC (Organic Rankine Cycle) is used widely to tap low temperature heat sources such as solar energy, geothermal energy and industrial waste heat, and convert it into useful power.



	[18]
	Marco Altosole et al.
	2017
	The exhaust heat recovery works on Organic Rankine Cycle concept which is targeted at improving the overall efficiency of the diesel engine.



	[19]
	Pablo Fernandez-Yanez et al.
	2018
	Deployed thermoelectric generators to convert thermal energy recovered from exhaust gases to electrical energy.



	[20,21]
	Pablo Fernandez-Yanez et al.
	2018
	The experimental investigation was carried out in gasoline and light-duty diesel engines. The possibilities of energy recovery were determined at higher loads with speed and concentric tube heat exchanger. The electric-turbo generators harvested high amount of exhaust energy at high load operating modes. The electric-turbo generator recovered power seven times higher than the thermoelectric generator.
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Table 2. Technical specifications of engine.
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	Description
	Type





	Engine
	Vertical Single Cylinder, Water cooled 4-stroke “Kirloskar Diesel engine”



	Rated Power
	3.7 kW at 1500 RPM



	Bore × Stroke
	80 mm × 110 mm



	Displacement Volume
	553 cc



	Compression Ratio
	16.5:1



	Dynamometer
	Rope-Brake Dynamometer



	Fuel injection release pressure
	200 bar



	Specific fuel consumption
	40 g/kW·h



	Fuel injection timing
	27° BTDC



	Nozzle
	M1CO; DLL110S 1630



	Injector type
	Mechanical injector



	Type of Lubrication
	Splash type



	Lubricating Oil
	SAE30/SAE40



	Overall Dimensions
	W2000 × D2500 × H1500 mm
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Table 3. Properties of hot and cold fluids.
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	Input Parameters
	Symbols
	Hot Fluid (Exhaust Gas)
	Symbols
	Cold Fluid (Water)
	Units





	Inlet Temperature
	Thi
	235
	Tci
	32
	℃



	Outlet Temperature
	Tho
	124
	Tco
	106
	℃



	Thermal Conductivity
	Kh
	0.0404
	Kc
	0.6
	W/m·K



	Specific Heat Capacity
	Cph
	1030
	Cpc
	4182
	J/(kg·K)



	Viscosity (Absolute)
	μh
	0.000027
	μc
	0.0006
	(N·s)/m2



	Density
	ρh
	0.696
	ρc
	998
	kg/m3



	Mass Flow Rate
	mh
	0.009336
	mc
	0.0054
	kg/s
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Table 4. Heat transfer calculation parameters for heat exchanger.
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	Parameters
	Symbols
	Inner Pipe (i)

Hot Fluid

(Exhaust Gas)
	Symbols
	Outer Pipe (a)

Cold Fluid

(Water)
	Units





	Velocity of fluid
	Vhi
	4.069
	Vca
	0.0015
	m/s



	Fluid Flow Area
	Ai
	0.00322
	Aa
	0.0103
	m2



	Hydraulic Diameter
	Dhi
	0.064
	Dha
	0.064
	m



	Reynolds Number
	Rei
	6713.34
	Rea
	156.01
	-



	Prandtl Number
	Pri
	0.68
	Pra
	4.182
	-



	Friction Factor
	fi
	0.0353
	fa
	0.41
	-



	Nusselt Number
	Nui
	19.63
	Nua
	5.49
	-



	Heat Transfer coefficient
	hi
	12.40
	ha
	51.47
	W/(m2·K)
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Table 5. Heat transfer surface area of finned heat exchanger.






Table 5. Heat transfer surface area of finned heat exchanger.





	Description
	Symbols
	Hot Fluid (Exhaust Gas)
	Symbols
	Cold Fluid (Water)
	Units





	Finned Area
	Afi
	0.54162
	Afa
	0.54162
	m2



	Un finned (Inner pipe) Area
	Abi
	0.171069
	Aba
	0.189911
	m2



	Total surface Area
	Ati
	0.71268
	Ata
	0.731531
	m2
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Table 6. Dimensions of heat exchanger.
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	Parameters
	Symbols
	Inside
	Outside
	Units





	Height
	H
	0.03
	0.03
	m



	Thickness
	T
	0.003
	0.003
	m



	Cross section Area
	A
	0.03
	0.03
	m2



	Perimeter
	P
	2.006
	2.006
	m



	Length of fin
	Lf
	1.0
	1.0
	m



	Number fins
	Nf
	12
	12
	-



	Finned heat transfer Surface Area Convection
	Af
	0.5416
	0.5416
	m2



	Tube area available for heat transfer in finned tube heat exchanger
	Ab
	0.17106
	0.1899
	m2



	Total area of finned tube heat exchanger
	At
	0.7127
	0.7315
	m2



	Inside diameters of pipes
	di,Di
	0.064
	0.114
	m



	Outside diameters of pipes
	do,Do
	0.07
	0.12
	m
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Table 7. List of devices, its range, accuracy, and percentage.
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	S. Number
	Devices
	Range
	Accuracy
	(%) Uncertainty





	1
	Exhaust gas temperature indicator
	0–900 °C
	+0.1°C to −0.1°C
	+0.15 to −0.15



	2
	Gas analyzer
	CO (0–10%)

CO2 (0–20%)

HC (0–10,000 ppm)

NOx (0–5000 ppm)
	+0.02% to −0.02%

+0.03% to −0.02%

+20 ppm to −20 ppm

+10 ppm to −10 ppm
	+0.2 to −0.2

+0.15 to −0.1



+0.2 to −0.2



	3
	Smoke level measuring instrument
	437C,IP52(0 to 100%)
	+0.1 to −0.1
	+1 to −1



	4
	Speed measuring unit
	0–10,000 ppm
	+10 rpm to −10 rpm
	+0.1 to −0.1



	5
	Burette for fuel measurement
	-
	+0.1 cm3 to −0.1 cm3

+0.6 s to −0.6 s
	+1 to −1

+0.2 to −0.2



	6
	Pressure pickup
	-
	+1 o to −1 o
	+0.2 to −0.2



	7
	Manometer
	0–110 bar
	+0.1 kg  to −0.1 kg
	+0.1 to −0.1











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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