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            Theoretical and experimental investigation of the Miller cycle diesel engine in terms of performance and emission parameters Guven Gonca a,⇑ , Bahri Sahin a , Adnan Parlak b , Yasin Ust a , Vezir Ayhan c , _ Idris Cesur c , Barıs ß Boru c a Yildiz Technical University, Naval Arch. and Marine Eng. Depart, Besiktas, Istanbul, Turkey b Yildiz Technical University, Marine Eng. Depart, Besiktas, Istanbul, Turkey c Sakarya University, Technical Education Faculty, Sakarya, Turkey highlights  Miller cycle is applied to a DI diesel engine to decrease NOx emissions.  Emission and performance parameters are calculated by two-zone combustion model.  Theoretical model is veriﬁed with the experimental results. article info Article history: Received 14 February 2014 Received in revised form 25 July 2014 Accepted 16 October 2014 Keywords: Diesel engine Miller cycle Performance Emission Two-zone combustion model abstract Pollutant exhaust emissions, particularly NOx, produced by diesel engines must be reduced to limit val- ues deﬁned by the environmental regulations as the emissions have many harmful inﬂuences on the environment. Recently, the application of the Miller cycle into the internal combustion engines has been proposed to abate NOx emissions. In the present study, the Miller cycle with late intake valve closing (LIVC) version is applied into a single cylinder, four-stroke, direct injection, naturally aspirated diesel engine. Three different cam shafts have been manufactured to provide 5, 10 and 15 crank angle (CA) retarding compared to original camshaft. The optimum retarding angle has been determined as 5 CA in terms of NOx reduction. The attained results have been compared with conventional diesel engine which has standard CA (0 crank angle retarding) in point of the performance and NO, HC, CO emissions. In order to provide a model validation for engine torque, brake power, brake efﬁciency, speciﬁc fuel con- sumption (SFC) and NO, the Miller cycle diesel engine is modeled by using two-zone combustion model for 5 CA retarding at full load conditions. The simulation results have been veriﬁed with experimental data with non-considerable errors. In the experimental results, NO emissions decreased by 30% with 2.5% power loss and a remarkable change is not seen in the HC, CO emissions. The results show that the method could be easily applied into the diesel engine in order to minimize NO emissions. Ó 2014 Elsevier Ltd. All rights reserved. 1. Introduction It is well known that diesel engines produce NOx emissions in higher concentration compared to Otto cycle engines and gas tur- bines due to higher combustion temperatures. Recently, applica- tion of the Miller cycle into the internal combustion engines has been proposed to decrease the NOx emissions by the engine researchers. The Miller cycle is based on that reducing the com- pression ratio compared to the expansion ratio by closing intake valve much time later from the bottom dead center (BDC), which is called late intake valve closing (LIVC) version, or the Miller cycle condition can be obtained by closing intake valve during the period of suction before piston reaches to the BDC, which is called early intake valve closing (EIVC) version. The goal is to decrease combus- tion temperatures and also NOx emissions. In the literature, various parametric studies on the air standard Miller cycle have been carried out to understand the effect of the cycle on the performance based on thermodynamics. Sarkhi et al. [1] analyzed the cycle performance by using the maximum power density criteria and showed graphically the effects of parameters on the cycle. Sarkhi et al. [2,3] investigated the impacts of the var- iable speciﬁc heats of the working ﬂuid on the performance for an air standard reversible Miller cycle [2] and irreversible Miller cycle [3]. Zhao and Chen [4] conducted a performance analysis for an-air standard irreversible Miller cycle. It was shown that the power http://dx.doi.org/10.1016/j.apenergy.2014.10.043 0306-2619/Ó 2014 Elsevier Ltd. All rights reserved. ⇑ Corresponding author. Tel.: +90 212 383 2950; fax: +90 212 383 2941. E-mail address: [email protected] (G. Gonca). Applied Energy 138 (2015) 11–20 Contents lists available at ScienceDirect Applied Energy journal homepage: www.elsevier.com/locate/apenergy 
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Applied Energy 138 (2015) 11–20
 Contents lists available at ScienceDirect
 Applied Energy
 journal homepage: www.elsevier .com/locate /apenergy
 Theoretical and experimental investigation of the Miller cycle dieselengine in terms of performance and emission parameters
 http://dx.doi.org/10.1016/j.apenergy.2014.10.0430306-2619/� 2014 Elsevier Ltd. All rights reserved.
 ⇑ Corresponding author. Tel.: +90 212 383 2950; fax: +90 212 383 2941.E-mail address: [email protected] (G. Gonca).
 Guven Gonca a,⇑, Bahri Sahin a, Adnan Parlak b, Yasin Ust a, Vezir Ayhan c, _Idris Cesur c, Barıs� Boru c
 a Yildiz Technical University, Naval Arch. and Marine Eng. Depart, Besiktas, Istanbul, Turkeyb Yildiz Technical University, Marine Eng. Depart, Besiktas, Istanbul, Turkeyc Sakarya University, Technical Education Faculty, Sakarya, Turkey
 h i g h l i g h t s
 �Miller cycle is applied to a DI diesel engine to decrease NOx emissions.� Emission and performance parameters are calculated by two-zone combustion model.� Theoretical model is verified with the experimental results.
 a r t i c l e i n f o
 Article history:Received 14 February 2014Received in revised form 25 July 2014Accepted 16 October 2014
 Keywords:Diesel engineMiller cyclePerformanceEmissionTwo-zone combustion model
 a b s t r a c t
 Pollutant exhaust emissions, particularly NOx, produced by diesel engines must be reduced to limit val-ues defined by the environmental regulations as the emissions have many harmful influences on theenvironment. Recently, the application of the Miller cycle into the internal combustion engines has beenproposed to abate NOx emissions. In the present study, the Miller cycle with late intake valve closing(LIVC) version is applied into a single cylinder, four-stroke, direct injection, naturally aspirated dieselengine. Three different cam shafts have been manufactured to provide 5, 10 and 15 crank angle (CA)retarding compared to original camshaft. The optimum retarding angle has been determined as 5 CAin terms of NOx reduction. The attained results have been compared with conventional diesel enginewhich has standard CA (0 crank angle retarding) in point of the performance and NO, HC, CO emissions.In order to provide a model validation for engine torque, brake power, brake efficiency, specific fuel con-sumption (SFC) and NO, the Miller cycle diesel engine is modeled by using two-zone combustion modelfor 5 CA retarding at full load conditions. The simulation results have been verified with experimentaldata with non-considerable errors. In the experimental results, NO emissions decreased by 30% with2.5% power loss and a remarkable change is not seen in the HC, CO emissions. The results show thatthe method could be easily applied into the diesel engine in order to minimize NO emissions.
 � 2014 Elsevier Ltd. All rights reserved.
 1. Introduction
 It is well known that diesel engines produce NOx emissions inhigher concentration compared to Otto cycle engines and gas tur-bines due to higher combustion temperatures. Recently, applica-tion of the Miller cycle into the internal combustion engines hasbeen proposed to decrease the NOx emissions by the engineresearchers. The Miller cycle is based on that reducing the com-pression ratio compared to the expansion ratio by closing intakevalve much time later from the bottom dead center (BDC), whichis called late intake valve closing (LIVC) version, or the Miller cycle
 condition can be obtained by closing intake valve during the periodof suction before piston reaches to the BDC, which is called earlyintake valve closing (EIVC) version. The goal is to decrease combus-tion temperatures and also NOx emissions.
 In the literature, various parametric studies on the air standardMiller cycle have been carried out to understand the effect of thecycle on the performance based on thermodynamics. Sarkhi et al.[1] analyzed the cycle performance by using the maximum powerdensity criteria and showed graphically the effects of parameterson the cycle. Sarkhi et al. [2,3] investigated the impacts of the var-iable specific heats of the working fluid on the performance for anair standard reversible Miller cycle [2] and irreversible Miller cycle[3]. Zhao and Chen [4] conducted a performance analysis for an-airstandard irreversible Miller cycle. It was shown that the power
 http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2014.10.043&domain=pdf
 http://dx.doi.org/10.1016/j.apenergy.2014.10.043
 mailto:[email protected]
 http://dx.doi.org/10.1016/j.apenergy.2014.10.043
 http://www.sciencedirect.com/science/journal/03062619
 http://www.elsevier.com/locate/apenergy
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Nomenclature
 A heat transfer area (cm2)B bore (cm)Cv specific heat at constant volume (kJ/kg K)Cp specific heat at constant pressure (kJ/kg K)C blow by coefficientECP equilibrium combustion productsF fuel–air ratioh specific enthalpy (kJ/kg)htr heat transfer coefficient (W/m2 K) of burned and un-
 burned zonesH enthalpy (kJ/kg)Hu lower heat value of the fuel (kJ/kg)m mass (g)_m time- dependent mass rate (g/s)
 M molecular weight (g)n injection constantP pressure (bar)Q heat loss to the cylinder wall (J)_Q rate of heat transfer (J/s)
 RGF residual gas fractions specific entropy (kJ/kg K)S stroke (cm)SFC specific fuel consumptionT temperature (K)u specific internal energy (kJ/kg)v specific volume (cm3/g)V volume (cm3)W work output (J)x mass fraction burned
 _xi fraction rate of the total injected fuel mass
 Greek letterse ratio of half stroke to rod length/ equivalence ratioCðnÞ gamma functionh crank angle (degree)s time (ms)x angular velocity (rad/s)
 Subscriptsa airb burned zonecyl cylinderdi injection duration parameterdif diffusive combustion phasef fuelfi injected fuelid ignition delay (ms)l leak, lossme meann netpre premixed combustion phaser references stoichiometricsi start of fuel injection (degree)u unburned zonew cylinder walls
 12 G. Gonca et al. / Applied Energy 138 (2015) 11–20
 output and thermal efficiency of the Miller cycle are higher thanthose of the Otto and Atkinson cycle. Wu et al. [5] performed a sim-ulation to apply the Miller cycle into a supercharged Otto engineand an increment was seen in the work output of the engine. Linand Hou [6] stated that, at the same maximum temperature condi-tions, the Miller cycle had a superiority compared to Otto cycle interms of the performance. Ebrahimi [7] analyzed an air standardreversible Miller cycle with respect to variation of engine speedand variable specific heat ratio of working fluid and Ebrahimi [8]analyzed an air standard irreversible Miller cycle with respect tothe variation of relative air–fuel ratio and stroke length based onfinite-time thermodynamics. The power output and thermal effi-ciency were attained by introducing the compression ratio, air–fuelratio and stroke length. It was illustrated that the power outputand thermal efficiency of the cycle reached to maximum point withcertain values of the compression ratio. Gonca et al. [9,10] pre-sented the performance maps for Dual-Miller cycle (DMC) andshowed that the maximum cycle temperature and so NOx emis-sions could be decreased by applying the Miller cycle to a dieselengine.
 Some researchers applied the Miller cycle into gasoline and Ottocycle natural gas engines and they achieved to abate the NOx emis-sions. Wang et al. [11,12] carried out experimental [11] and analyt-ical [12] studies to examine the influences of the application of theMiller cycle into a gasoline engine. The results indicated that thegasoline engine operating with the Miller cycle led to considerablydecreasing of NOx emissions by lowering the combustion temper-atures. Mikalsen et al. [13] investigated the feasibility and poten-tial advantages of the application of the Miller cycle into a smallscale Otto cycle natural gas engine by using multidimensional sim-ulation for a combined heat and power system. As a result, the NOxemissions and specific fuel consumption (SFC) of the engine were
 reduced with the cost of a decreased power to weight ratio. Kesgin[14] performed an experimental and theoretical study in order toexamine the influence of the application of the Miller cycle into anatural gas engine. The results showed that the efficiency couldbe increased and NOx emissions could be decreased. Li et al. [15]experimentally examined the influences of the Miller cycle withthe EIVC and LIVC versions on the brake specific fuel consumption(BSFC) of a boosted direct injection (DI) gasoline engine. At thehigh load conditions, the fuel economy is improved up to 4.7% withLIVC; however, a considerable change was not seen in SFC withEIVC. At the low load conditions, SFC is improved up to 6.8% and7.4% with LIVC and EIVC, respectively.
 The application of the Miller cycle into the Diesel engines hasbeen recently proposed to decrease NOx emissions. Wang et al.[16] achieved the reduction of NOx emissions by experimentallyapplying the Miller cycle into a diesel engine. Gonca et al. [17–19] computationally demonstrated that the application of Millercycle into a diesel engine could abate the NO emissions andincrease the brake efficiency. Rinaldini et al. [20] carried out anexperimental and numerical study by using KIVA which is a CFDbased code. They assessed the potential and the limits of the Millercycle application to a High Speed Direct Injection (HSDI) Dieselengines in terms of abating NOx and soot. It was shown in theresults that when the Miller cycle applied into a diesel engine,NOx and soot emissions could be reduced up to 25% and 60%,respectively.
 In the present study, apart from former studies, the influencesof the Miller cycle application with LIVC version on the perfor-mance and emission parameters of a single cylinder diesel enginehave been experimentally and theoretically investigated by usingtwo-zone combustion model. The torque, brake power and effi-ciency, SFC, in-cylinder pressure and temperature, NO, CO and
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 HC emissions have been experimentally obtained. The experimen-tal results have been compared with the theoretical results and agood agreement have been acquired between the theoretical andexperimental results. In the literature, even though there is anexperimental study using EIVC version [16], there is no such astudy examining the Miller cycle diesel engine with LIVC versionby experiments. This is the most important originality and alsotwo-zone combustion model is used to obtain model validationalong with the experiments. Hence, this study has a good noveltyand originality.
 2. Materials and methods
 2.1. Experimental set-up
 The experiments were conducted with a single cylinder, natu-rally aspirated, four-stroke and direct injection (DI) diesel engine.Table 1 demonstrates the engine properties. The Miller cycles wererealized by retarding the intake valve closing as 5, 10 and 15 CA.The original camshaft was camshaft 52 (STD) which means theintake valve was closed 52 CA after the bottom dead center(BDC). 5, 10 and 15 CA retarding were conducted with camshaft57 (C57), camshaft 62 (C62) and camshaft 67 (C67).
 In order to apply the Miller cycle into the diesel engine threedifferent cam shafts were manufactured and mounted into theengine one by one. The picture of the cam shafts and technicaldrawing are given in Fig. 1. In order to measure brake torque, theengine is coupled with an electric dynamometer of 20 kW absorb-ing capacity using an ‘‘S’’ type load cell with the precision of0.01 kg.
 In order to measure species of the exhaust emissions, MRUSpectra 1600 L type gas analyzer has been used. CO, NO, and HCemissions have been obtained as unit of (%) and ppm.
 In the study, in-cylinder pressure has been measured by Kistlerbrand 6061B model, piezo-electric sensor and Kistler 5018 typecharge amplifier. The data transfer have been carried out by SME-TEC brand data card which has 1 Mbyte data signaling rate fromsingle channel ‘‘Combi Combustion Indication System’’. The angu-lar position of the piston with respect to crank angle has beenacquired using Koyo TRD J1000-RZ type encoder which has 1000pulse/revolution.
 The experiments were performed at variable engine speeds1500, 1800, 2100, 2400, 2700 and 3000 rpm, at full load and understeady-state conditions. In order to compare, standard camshaftwas used at initial and then the other camshafts which providethe Miller cycle were mounted into the engine. The experimentswere repeated three times for each camshaft, performance andemission data were compared with those of standard camshaft.Total uncertainties of the measured parameters are substantial toverify the accuracy of the test results, so they are indicated inTable 2.
 Table 1Engine properties.
 Engine type Antor (naturally aspirated)
 Bore (mm) 85Stroke (mm) 90Cylinder number 1Displacement volume (dm3) 0.51Power (kW/rpm) 9/2700Injection pressure (bar) 175Injecting timing bTDC (crank angle) 28Compression ratio 17.5Maximum engine speed (rpm) 3000Cooling AirInjection Direct injection
 2.2. Theoretical model
 Combustion simulation of diesel engine is conducted by usingtwo-zone combustion model to calculate NO emission, torque,brake power, brake efficiency and specific fuel consumption. In thistwo-zone combustion model [9,19,21,29], the gas region is dividedin two zone as burned and unburned gas regions.
 The injected fuel reacts with the air in the unburned region andbecomes a part of the burned gas region by combustion. In the cyl-inder, the equation of the energy conservation in differential formmay be given as:
 mdudhþ u
 dmdh¼ � dQb
 dh� dQu
 dh� P
 dVdhþ dmfi
 dhhfi �
 dml
 dhhl ð1Þ
 where ml is leak mass and mfi is mass of injected fuel; hfi and hl areenthalpies of fuel injected and leak mass respectively. The first termof the left side of the equation is the internal energy rate and thesecond term is the mass rate depending on crank angle. The heattransfers from burned and unburned zone are expressed, respec-tively as:
 _Qb ¼ htrAbTbw ð2Þ
 _Qu ¼ htrAuTuw ð3Þ
 where Tuw ¼ Tu � Tw and Tbw ¼ Tb � Tw;, htr is heat transfer coeffi-cient of burned and unburned gas zones, Ab and Au are the areasof burned and unburned gas inside the cylinder which are in contactwith the cylinder walls and Tb, Tu and Tw are the temperatures ofthe burned gas zone, unburned gas zone and cylinder walls [22].The change of stroke volume depending on crank angle is:
 dVdh¼ p
 8B2S sin h 1þ e
 cos h
 1� e2 sin2 h� �1
 2
 2664
 3775 ð4Þ
 In order to solve the differential equations, the followingexpressions are used in the model. Internal energy:
 u ¼ u½T; P;/� ð5Þ
 dudh¼ Cp �
 PvT
 @ ln v@ ln T
 � �P
 dTdh� v @ ln v
 @ ln Tþ @ ln v@ ln P
 � �T
 dPdhþ @u@/
 d/dh
 ð6Þ
 The burned gas leaking through the rings:
 dml
 dh¼ Cm
 xð7Þ
 where C is blow by coefficient which stands for the loss gas by leak-ing through the rings and x is angular velocity. The mass balanceinside the cylinder can be expressed as:
 m ¼ ma þmfi ð8Þ
 where ma and mfi are the masses of the air and injected fuel respec-tively. If the Eq. (8) is written in differential form, it becomes:
 dmdh¼ dma
 dhþ dmfi
 dhð9Þ
 The air and injected fuel rates changing with crank angle withinthe cylinder are expressed respectively as:
 dma
 dh¼ �
 _ml=x1þ /Fst
 ¼ �Cma
 xð10Þ
 dmfi
 dh¼ 1
 x_mfi �
 _ml/Fs
 1þ /Fs
 � �ð11Þ
 where _ml, / and Fs are the time-dependent gas leak rate, theequivalence ratio and the stoichiometric fuel–air ratio by mass,
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Original camshaft Camshaft C57 (5 CA retarding)
 Camshaft 62 (10 CA retarding) Camshaft 67 (15 CA retarding)
 (a) (b)
 (d)(c)
 Fig. 1. The technical drawings of the original and modified camshafts in accordance with the Miller cycle.
 Table 2The errors in parameters and total uncertainties.
 Parameters Systematic errors �
 Load (N) 0.1Speed (rpm) 1.0Time (s) 0.1Temperature (�C) 1.0Fuel consumption (g) 0.01NO (ppm) 5% of measured valueHC (ppm) 5% of measured valueCO (%) 5% of measured valueSFC (%) 1.5Torque (Nm) 1.1
 14 G. Gonca et al. / Applied Energy 138 (2015) 11–20
 respectively. _mfi is the time-dependent fuel injected rate and can beexpressed as:
 _mfi ¼ _ximfi ð12Þ
 where mfi and _xi are the total mass of the fuel to be injected andfraction rate of the total injected fuel mass respectively, whichcan be given as:
 mfi ¼ /Fstð1� RGFÞma ð13Þ
 _xi ¼x
 hdiCðnÞh� hsi
 hdi
 � �n�1
 exp� h� hsið Þ
 hdi
 � �ð14Þ
 where CðnÞ is the gamma function [22], hdi is a parameter of injec-tion duration and hsi is the start of fuel injection. The gamma func-tion is derived as:
 ln CðnÞ ¼ n� 12
 � �lnðnÞ � nþ 1
 2lnð2pÞ þ 1
 12n� 1
 360n3
 þ 11260n5 �
 11680n7 ð15Þ
 The values of n could be taken for the diesel engine with openchamber as 1 6 n 6 2 and for divided chamber as 3 6 n 6 5 butexact value is dependent on fuel used and engine design [22]. Dif-ferential equation systems used in the calculation of the processesthat consist during the period from the beginning of the compres-sion to the end of the expansion process are given in Eqs. (16)–(27)[9,19,21].
 The time (crank angle)-dependent expressions of pressure,burned and unburned gas temperatures, work, heat leak and heatloss are given respectively as:
 dPdh¼ Aþ Bþ C
 Dð16Þ
 where
 A ¼ Cx
 Vmþ #1
 Cp;bTbðx2 � xÞðhb � huÞ� � �
 ð17Þ
 B¼ htrxmAcyl
 ffiffiffixp
 #1Cp;bTb
 Tbwþ 1�ffiffiffixp�
 Tuw#2
 Cp;uTu
 � �þ #1
 Cp;bTbhb�huð Þ� vb�vuð Þ
 � �dxdh
 þ 1m
 dVdhþ
 #1mCp;bTb
 xhb� 1�xð Þhuð Þ�Hu� Vm2
 � �dmfidh
 ð18Þ
 C ¼ ð1� xÞ #1Cp;bTb
 �Tudsudh þ P dvu
 dh þduudh
 � � dvu
 dh þ#2
 Cp;u
 dsudh
 � �d/dh
 þx #1Cp;bTb
 P dvbdh þ
 dubdh
 � �� dvb
 dh
 � �d/dh
 ð19Þ
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Table 3Reactions of NO formation [21].
 No. Reaction Forward/backward
 AA (cm3/mol s) BA EA (kcal/mol K)
 1 N2 þ O$ NOþ N 7.6 � 1013/1.6 � 1013 0/0 �38000/0
 2 O2 þN$ NOþ O 6.4 � 1009/1.5 � 1009 0/0 �3150/�19500
 3 OHþ N$ NOþ H 4.1 � 1013/2 � 1014 0/0 0/�23650
 G. Gonca et al. / Applied Energy 138 (2015) 11–20 15
 D ¼ x#2
 1
 Cp;bTbþ #3
 P
 !þ ð1� xÞ #2
 2
 Cp;uTuþ #4
 P
 !ð20Þ
 where
 #1 ¼@Invb
 @InTbvb; #2 ¼
 @Invu
 @InTuvu; #3 ¼
 @Invb
 @InPvb; #4 ¼
 @Invu
 @InPvu ð21Þ
 where x;Hu;Acyl are the burning fraction, lower heating value of fueland heat transfer area of the cylinder. Cp;b; Cp;u; vb;vu; sb; su; hb;hu arespecific heat at constant pressure, specific volume, specific entropyand specific enthalpy for the burned and unburned zonesrespectively.
 dTb
 dh¼ 1
 Cp;b� htr
 xmAcyl
 1ffiffiffixp Tbw þ #1
 dPdh
 � �ð22Þ
 dTu
 dh¼ � htr
 xmCpuAcyl
 Tuw
 1þffiffiffixp þ #2
 Cpu
 dPdh� @sb
 @/d/dh
 1Cpb
 ð23Þ
 Tme ¼ xTb þ ð1� xÞTu ð24Þ
 dWdh¼ P
 dVdh
 ð25Þ
 dHl
 dh¼ Cm
 xð1� x2Þhu þ x2hb
 � �ð26Þ
 dQl
 dh¼ htr
 xAcyl
 ffiffiffixp
 Tbw þ ð1�ffiffiffixpÞTuw
 � �ð27Þ
 The net heat release rate is computed by using the followingequation [25]
 dQn
 dh¼ P
 Cp
 RdVdhþ V
 Cp
 RdPdh
 ð28Þ
 Hohenberg [23] gives the coefficient of the heat transfer (htr) asbelow:
 htr ¼ C1VðhÞ�0:06PðhÞ0:8ðxTbðhÞ þ ð1� xÞTuðhÞÞ�0:4ð�Sp þ C2Þ0:8 ð29Þ
 where VðhÞ, PðhÞ; TbðhÞ and TuðhÞ are instantaneous volume, pres-sure, burned gas and unburned gas temperatures which dependon crank angle. �Sp is mean piston velocity in meters per second,C1 ¼ 130 and C2 ¼ 1:4 respectively. Sitkei [24] correlation is usedto calculate ignition delay and it is written as following:
 sid ¼ 0:5þ 0:1332PðhÞ�0:7e3:92782
 Tu ðhÞ þ 4:637PðhÞ�1:8e3:92782
 Tu ðhÞ ð30Þ
 where PðhÞ and TuðhÞ are time-dependent pressure and time-depen-dent unburned gas temperature before the injection of fuel. DualWiebe function states the burn fraction and x versus crank angleis used to express the heat release from combustion and deter-mined as following [27]:
 x ¼ av Q pre 1� e�av h
 hpre
 � �ðmpreþ1Þ0@
 1Aþ Qdif 1� e
 �av hhdif
 � �ðmdifþ1Þ0@
 1A
 24
 35ð31Þ
 where Qpre andQdif are heat release rate percentages of premixedand diffusive combustion. x is 0 at the beginning of the combustionand x becomes 1 at the end of the combustion. It can be rewritten bydifferentiating with respect to crank angle:
 dxdh¼ av
 Q pre
 hprempre þ 1� h
 hpre
 � �mpre
 e�av h
 hpre
 � �ðmpreþ1Þ24
 þQ dif
 hdifmdif þ 1ð Þ h
 hdif
 � �mdif
 e�av h
 hdif
 � �ðmdifþ1Þ35 ð32Þ
 h ¼ hr � hb ð33Þ
 where hr and hb are reference crank angle and start angle of com-bustion respectively, av, mpre, hpre, mdif , hdif are Wiebe constants inthe premixed and diffusive combustion conditions.
 NO emissions are calculated by using extended Zeldovichmechanism taking into account 10 combustion products includingðCO2;H2O;N2;O2;CO;H2;H;O;OH;NOÞ [18,21,25–27,29,30]. Thethree reaction steps of NO formation are used in Table 3 and therate constant is given as below:
 k ¼ AATBA eEAT ð34Þ
 The rate of NO formation [mol cm�3 s�1] is given as [9,18,21,25–27,29,30]:
 d½NO�dt
 ¼ 2R1ð1� a2Þ1þ aR1
 R2þR3
 ð35Þ
 where a ¼ ½NO�½NO�e
 and ½ �e stands for equilibrium concentration. Theother constants written in Eq. (35) are expressed as following:
 R1 ¼ kþ1½N2�e½O2�e ¼ k�1½NO�e½N�e ð36Þ
 R2 ¼ kþ2½O2�e½N�e ¼ k�2½NO�e½O�e ð37Þ
 R3 ¼ kþ3½OH�e½N�e ¼ k�3½NO�e½H�e: ð38Þ
 In this study, the ECP code is used developed by Olikara andBorman [28]. The combustion reaction used in the code isexpressed as below:
 e/ðCaHbOcNdÞ þ ð0:21O2 þ 0:79N2Þ! m1CO2 þ m2H2Oþ m3N2 þ m4O2 þ m5COþ m6H2
 þ m7Hþm8Oþ m9OHþ m10NO ð39Þ
 3. Model validation
 When we investigate Figs. 2–4, we see that theoretical resultsagree with experimental data well and there is no considerableerror. The maximum error is 4.7% for the engine torque and 5.9%for NO emission. It is clear that torque, brake power, brake effi-ciency, NO decrease and SFC increase by the application of theMiller cycle with the crankshaft C57. It is seen that in Fig. 4, themodel underestimates NO emissions, the reason is that promptNO formation is neglected, this model just calculates the thermalNO by using Zeldovich mechanism. Also, the measured uncertaintyis 5% for NO as can be seen in Table 2. Because of these reasons, itcan be said that a good approximation has been obtained betweenthe experimental data and model results in terms of NO prediction.
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 Figs. 5–7 show the comparison of theoretical and experimentaldata for cylinder pressures, temperatures and net heat release ratesat the maximum torque and brake power conditions. The maxi-mum power conditions are obtained at 2700 rpm and the peak cyl-inder pressure, temperature and net heat release rate are lowercompared to those at the maximum torque conditions. It is obviousthat the maximum cylinder pressures and temperatures diminishwith the application of the camshaft C57. However, the maximumnet heat release rate increase, because ignition delay increaseswith decreasing peak pressure and temperature as can be clearlyseen in Fig. 7. Hereby, more fuel is injected between the durationof injection and ignition, and higher amount of fuel is burned bythe ignition in the premixed combustion phase. Due to higher igni-tion delay with the application of the camshaft C57, the peak val-ues of the combustion pressures, temperatures and net heatrelease rates shift to the right. If we compare Figs. 4 and 6, wesee that NO emissions increase with increasing peak combustiontemperatures as expected.
 4. Results and discussion
 Fig. 8 shows the engine torque and brake power with respect tochange of engine speed for different camshafts. As it can be seenfrom the figures that the engine torque decreases with increasingengine speed, however, the brake power increases until2700 rpm and then starts to decrease. The main reason of reduc-tion in the torque is decrease of combustion duration and in-cylin-der pressures. There is a relation between the brake power andengine speed, the brake power is obtained by multiplying the tor-que and engine speed. Therefore, the brake power increases whilethe torque decreases and engine speed increases. The maximum
 brake power is seen at 2700 rpm. The application of the Millercycle by the different camshafts reduces the engine torque andbrake power at the lower engine speeds, but at the higher enginespeeds, they enhance with C62 and C67 camshafts. It is clear thateven though the performance decreases with high retarding anglesat low engine speeds, it increases with high retarding angles athigher engine speeds. It means that more air mass is introducedinto the cylinder at higher retarding angles and higher enginespeeds since duration of the suction remains. The maximumreduction rate is seen at 1500 rpm, as 3% and the maximumincrease rate is seen at 3000 rpm as 1.5% with C67 for the enginetorque and brake power.
 Fig. 9 demonstrates the brake efficiency and specific fuelconsumption with respect to change of engine speed for different
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 camshafts. It is clear from the figures that middle engine speedsprovide the maximum brake efficiency and minimum specific fuelconsumption. At the low and high engine speeds, lower brake effi-ciency and higher specific fuel consumption are seen. At the lowerengine speeds, the application of the Miller cycle affects negatively
 the brake efficiency and SFC, however, at the higher engine speedssuch as 2700 and 3000 rpm, the brake efficiency increases whilethe specific fuel consumption reduces with C67 camshaft as moreair mass is sucked into the cylinder. It should be noted that areduction trend is seen in the brake efficiency with the application
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 of the Miller cycle. The maximum reduction and increase in thebrake efficiency are 6.7% with C57 at 1500 rpm and 1.9% withC67 at 3000 rpm, respectively. The maximum increment anddecrease in the specific fuel consumption are 7.2% with C57 and1.8% with C67, respectively.
 The variation of NO with respect to engine speed is depicted inFig. 10. It is well known in the open literature that NO emissionsare very sensitive to combustion temperature and duration[26,27,29–31]. The combustion temperature and duration affectthe formation of NO emissions, negatively. Also the combustiontemperature is affected by equivalence ratio. The maximum com-bustion temperature and NOx concentration are seen about equiv-alence ratio is 1. However, the diesel engines generally run withlean charge and the maximum equivalence ratio of the test engineis about 0.9 and it is reached in the middle ranges of the enginespeeds. The higher NOx is seen with the higher combustion dura-tion. It can be said that in-cylinder temperatures are lower, althoughthe combustion duration is longer at the low engine speeds. How-ever, even though the combustion temperatures are higher, thecombustion duration is lower at the high engine speeds. The maxi-mum combustion temperatures are reached in the middle enginespeeds. Therefore, NO formation reaches to the maximum concen-tration. The camshafts which provide delayed closure of the intakevalve give lower NO emissions compared to standard camshaft at allengine speeds. The highest and lowest NO reduction rates are seenas 30% with C57 at 3000 rpm and as %7 with C62 at 2100 rpm,respectively. The minimum NO is found as 550 ppm with C57 at3000 rpm.
 The variation of HC with respect to engine speed is illustrated inFig. 11. HC emissions are incomplete combustion products andthey increase at rich charge and cold operating conditions. HC
 emissions decrease with increasing oxygen concentration andcombustion temperatures. It is obviously seen that HC formationrate decreases with increasing engine speeds since in-cylindercharge gets leaner and combustion temperatures increase. HCemissions generally show increase trend due to increase of incom-plete combustion rate with the application of the Miller cycles. Theoxygen concentration of the cylinder charge and combustion tem-peratures decrease with the Miller cycle. Therefore, as expected,the HC concentration increases. The highest and lowest increaserates are 38% with C67 at 2400 rpm and 2% with C62 at2100 rpm, respectively. The maximum and minimum reductionrates are 11% with C57 at 1500 rpm and 1% with C57 at1800 rpm. The maximum HC is 137 ppm with C57 at 1500 rpmand the minimum HC is 59 ppm with C62 at 3000 rpm.
 The variation of CO with respect to engine speed is demon-strated in Fig. 12. The formation characteristics of CO is similarto those of HC emissions, therefore CO formation rate abates withincreasing engine speeds. The formation of CO and HC emissionsstrongly depends on oxygen concentration (equivalence ratio) ofthe cylinder charge rather than temperature. They increase at thelower oxygen concentration. Because, the Carbon in the fuel doesreact with insufficient oxygen, so more CO is formed instead ofthe formation of CO2. Also the in-cylinder gas temperature isaffected by oxygen concentration, it raises with the increasing oxy-gen concentration, thus, the formation rate of CO2 rises up as theCO diminishes. It is seen that there are no considerable differencesbetween the results of the different camshaft applications in mid-dle range of the engine speeds. At lower engine speeds such as1500 and 1800 rpm, CO emissions abate with the application ofthe Miller camshafts. However, CO emissions increase with C57at the higher engine speeds such as 2700 and 3000 rpm.The highest increase and decrease rates are 18% with C57 at3000 rpm and 11% with C62 at 3000 rpm, respectively.

Page 9
                        

500
 600
 700
 800
 900
 1000
 1500 1800 2100 2400 2700 3000
 NO
 (ppm
 )
 Engine speed (rpm)
 STD C57 C62 C67
 Fig. 10. The variation of NO emissions with respect to engine speed for differentcamshafts.
 50
 70
 90
 110
 130
 150
 1500 1800 2100 2400 2700 3000
 HC
 (ppm
 )
 Engine speed (rpm)
 STD C57 C62 C67
 Fig. 11. The variation of HC emissions with respect to engine speed for differentcamshafts.
 1.3
 2.0
 2.7
 3.4
 4.1
 1500 1800 2100 2400 2700 3000
 CO
 (%)
 Engine speed (rpm)
 STD C57 C62 C67
 Fig. 12. The variation of CO emissions with respect to engine speed for differentcamshafts.
 G. Gonca et al. / Applied Energy 138 (2015) 11–20 19
 The maximum and minimum CO emissions are obtained as 3.97%with C62 at 1500 rpm and 1.47% with C62 at 3000 rpm.
 5. Conclusion
 This study reports the influences of the Miller cycle applicationinto a diesel engine in terms the performance and emission out-puts. An experimental and theoretical study has been conductedin order to investigate the performance and emission parameters.Theoretical study has been performed by using two-zone combus-tion model. Theoretical model results have been verified with
 non-remarkable errors in terms of torque, brake power and effi-ciency, SFC and NO emissions. The maximum error is less than 6%.
 An improvement in torque, brake power and efficiency and SFChas seemed with the camshaft C62 and C67 at higher enginespeeds such as 2700 and 3000 rpm. However, these performanceparameters are worsened at the lower engine speeds and withthe application of the camshaft C57 because of charge loss andreduction in the volumetric efficiency. However, NO emissionsdecrease at all engine speeds. The maximum increase rates areseen with the C67 at 3000 rpm, as 1.5% and 2% in the torque andbrake efficiency, respectively. At this condition, the reduction ratesof NO, HC and CO emissions are 14%, 2% and 10%, respectively. Themaximum NO reduction rate is obtained as 30% with the C57 at3000 rpm. On the other hand, at this condition, the torque andbrake efficiency decrease by 2.5% and 4.5%, respectively. HC andCO emissions do not change considerably. Consequently, the appli-cation of the Miller cycle remarkably decreases NO emissions.Therefore, this method with modified camshafts could be used inthe diesel engines owing to its lower cost and easy application.
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