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This paper presents a modeling study of a CNG Homogenous Charge Compression Ignition (HCCI) engine using a single-zone and a multi-zone combustion model. Authors' developed code is able to predict engine combustion and performance parameters in closed part of the engine cycle. As detailed chemical kinetics is necessary to investigate combustion process in HCCI engines, therefore, GRI-mech3.0 mechanism was used which includes 53 chemical species and 325 reactions for natural gas combustion. Although, single-zone model is useful to parametric study on variation of some engine combustion parameters such as start of combustion (SOC); But, it could neither be able to accurately predict other engine combustion related parameters nor engine performance and emission parameters. Hence, a multizone combustion model was developed to predict those parameters accurately. GRI-mech 3.0 combustion mechanism was developed for natural gas combustion without considering Exhaust Gas Recirculation (EGR). To consider the effect of EGR on HCCI combustion, the mechanism's rate coefficients should be optimized. These coefficients were optimized using a developed genetic algorithm code. Predicted values show good agreement with corresponding experimental values for whole ranges of engine operating conditions.

INTRODUCTION

Operating an engine using the Homogeneous Charge Compression Ignition (HCCI) technology can significantly reduce NOx and particulate matter emissions while keeping thermal efficiency high [START_REF] Noda | A Numerical Study to Control Combustion Duration of Hydrogen-Fueled HCCI by Using Multi-Zone Chemical Kinetics Simulation[END_REF][START_REF] Fiveland | A Four-Stroke Homogeneous Charge Compression Ignition Engine Simulation for Combustion and Performance Studies[END_REF]. However, HCCI generates more unburned hydrocarbons (UHC) than traditional engines and operates with lower Indicated Mean Effective Pressure (IMEP) [START_REF] Suzuki | Exhaust Purification of Diesel Engines by Homogeneous Charge with Compression Ignition Part 1: Experimental Investigation of Combustion Behavior under Premixed Homogeneous Ignition Method[END_REF][START_REF] Ishibashi | Improving the Exhaust Emission of Two-Stroke Engines by Applying the Activated Radical Combustion[END_REF]. Inability to control the initiation and rate of combustion over the required speed and load range of engines [START_REF] Ryan | Homogeneous Charge Compression Ignition of Diesel Fuel[END_REF] and low IMEP are limiting the commercialization of the HCCI engines.

In recent years, HCCI engines received many researchers' attention and many papers have been published in these years. A major portion of these publications are related to modeling studies on HCCI engines. Most of modeling challenges can be divided into three major groups:

1.

single-zone models 2.

multi-zone models 3.

CFD models

As, it is generally accepted that HCCI combustion characteristics are controlled by chemical kinetics, considering detailed chemical kinetics in HCCI engine modeling can improve the model results. In CFD models, coupling CFD codes with detailed chemical kinetics leads to a long run time. Therefore, single-zone and multi-zone models are more common than CFD models. Additionally, the use of fluid mechanics codes is most important in operating conditions in which the charge is not homogeneous and fuel mixing and evaporation may have a significant effect on the combustion process [START_REF] Aceves | A Multi-Zone Model for Prediction of HCCI Combustion and Emissions[END_REF]. Some of recent studies are summarized as follows:

Aceves, et al [START_REF] Aceves | A Multi-Zone Model for Prediction of HCCI Combustion and Emissions[END_REF] developed a multi-zone model coupled with CFD code using KIVA and HCT.

The authors studied the effect of equivalence ratio and inlet temperature on SOC in HCCI engines. Fiveland, et al [START_REF] Fiveland | A Four-Stroke Homogeneous Charge Compression Ignition Engine Simulation for Combustion and Performance Studies[END_REF] introduced a detailed chemical kinetics single-zone combustion model. The authors used CHEMKIN library for chemical kinetics modeling. They modeled HCCI engine for natural gas and hydrogen fuels. They performed a parametric study on HCCI engine.

Easley, et al [START_REF] Easley | Modeling of HCCI Combustion and Emissions using Detailed Chemistry[END_REF] described engine's combustion, performance and emission parameters for isooctane, methane and n-heptane fueled engines using a MZCM and detailed chemical kinetics. To predict NOx emissions accurately some reactions have been added to reaction mechanisms.

Ogink, et al [START_REF] Ogink | Gasoline HCCI Modeling: An Engine Cycle Simulation Code with a Multi-Zone Combustion Model[END_REF] modeled the complete cycle of a HCCI engine using SENKIN and AVL BOOST software packages. The initial conditions at IVC calculated by AVL BOOST and fed to a MZCM which used SENKIN. Again, AVL BOOST was employed at the end of expansion stroke to model gas exchange process. Because of emission calculation at EVO, engine emissions were over predicted. Babajimopoulos, et al [START_REF] Babajimopoulos | Modeling HCCI Combustion with High Levels of Residual Gas Fraction-A Comparison of Two VVA Strategies[END_REF] used Variable Valve Timing (VVT) method of controlling HCCI combustion timing as a theoretical study. Authors coupled a MZCM and a CFD model in their study. CFD part was modeled using KIVA-3V and detailed chemical kinetics was modeled using CHEMKIN package. KIVA-3V was used for calculating gas exchange and expansion steps. Compression and combustion steps were modeled using CHEMKIN. The authors considered both temperature and equivalence ration stratification inside the cylinder to predict engine emissions in a better way. They found that each zone's ignition is a function of its temperature and the zone which has the highest temperature ignites earlier.

Kongsereeparp, et al [START_REF] Kongsereeparp | Novel Method of Setting Initial Conditions for Multi-zone HCCI Combustion Modeling[END_REF] introduced a new method of setting initial conditions at IVC for multizone HCCI combustion modeling. The authors assumed an "S" shaped in-homogeneity in the engine cylinder. This assumption was raised from the schematic of flow behavior during the intake stroke and developed model based on this assumption has good agreement with experimental results.

Komninos, et al [START_REF] Komninos | Development of a New Multi-Zone Model for Description of Physical Processes in HCCI Engines[END_REF] developed a new MZCM in which heat and mass transfer was taken into account simultaneously but they didn't use detailed chemical kinetics for HCCI combustion modeling. They study the effect of compression ratio and temperature at IVC on SOC and peak pressure. Increasing the temperature at IVC leads to earlier SOC and higher peak pressure, increasing compression ratio has the same effect on these two parameters. Later the authors published a parametric study on a hydrogen HCCI engine using the aforesaid model [START_REF] Komninos | A Parametric Investigation of Hydrogen Hcci Combustion using a Multi-Zone Model approach[END_REF].

The present contribution describes a single-zone and a five-zone combustion models were developed to investigate HCCI combustion in natural gas fueled engines. In multi-zone model both heat and mass transfer are considered [START_REF] Nobakht | A parametric study on natural gas fueled HCCI combustion engine using a multi-zone combustion model[END_REF][START_REF] Nobakht | Optimization of GRI-mech 3.0 mechanism using HCCI combustion models and genetic algorithm[END_REF][START_REF] Nobakht | Numerical study of diodicity mechanism in different Tesla-type microvalves[END_REF]. At first for a specific operating condition, GRI-mech3.0 mechanism's rate coefficients were optimized using genetic algorithm. Then, Single-zone and multi-zone model results were compared with experimental data for that case and two other cases for validation of the model. Experimental data was recorded from a Co-operative fuel research (CFR) single-cylinder engine.

DESCRIPTION OF THE COMBUSTION MODELS

In single-zone model, it is assumed that the mixture in the cylinder is homogeneous during the cycle. Pressure and temperature assumed to be uniform in the cylinder. When combustion starts, whole mixture burns at the same time and all of fuel energy release in a short period of time. Singlezone model cannot describe unburned or partially burned regions of the combustion chamber.

Therefore, these models usually over predict maximum pressure and temperature and subsequently NOx emission and also under predict CO and UHC emissions.

In order to improve single-zone model limitations, a five-zone model was developed. As shown in Figure 1, five-zone model includes two core zones, one zone for cylinder wall, one zone for cylinder head and one zone for piston crown.

Core volume (Vcore) is perfectly centered within the charge, forming an inner cylinder of gas that is surrounded by an outer concentric shell of gas with thickness t1.

To model a physical boundary layer, it is assumed that each zone becomes successively thinner as it approaches an in-cylinder surface. This procedure for allocating zones is also consistent with the natural temperature profiles that develop within the charge during the compression stroke and leading up to combustion. Another parameter, which is essential to calculate the remaining zone thicknesses, is the geometric ratio defined by R. The value of R indicates each successive zone is how much thinner than previous zone's thickness. Vcore, a fraction of total cylinder volume, and R are adjustable model parameters. 

GOVERNING EQUATIONS

Due to the mass conservation and modeling of the closed part of combustion, from inlet valve closing (IVC) to exhaust valve opening (EVO), in-cylinder mass remains constant. Therefore:

Mass is transferred between zones to maintain the pressure uniform inside the combustion chamber as follows:

The cylinder pressure is calculated at each crank angle (CA) step using the ideal gas relation for all the zones: Cylinder volume changes relative to time as follows:

Energy conservation equation and net rate of production equation for each species are also as follows:

All properties in each zone of a MZCM were considered to be uniform at IVC and calculated based on ideal gas theory. Convection from in-cylinder mixture to cylinder wall in both multi-zone and single-zone models was described using Woschni correlation [START_REF] Chang | New Heat Transfer Correlation for an HCCI Engine Derived from Measurements of Instantaneous Surface Heat Flux[END_REF].

The Woschni correlation was developed from a regression of direct injection diesel engine data and is essentially a linearized radiative/convective relation that will greatly over-predict heat transfer in a lean burn, premixed, nonsooting engine [START_REF] Easley | Modeling of HCCI Combustion and Emissions using Detailed Chemistry[END_REF]. Consequently, to predict heat loss in a better way, coefficients of the Woschni correlation were modified in this model.

Heat is transferred between zones with a mechanism similar to conduction. Therefore, the heat flux is based on the temperature difference of the neighboring zones and on their mean distance as follows:

The total conductivity in Equation 2 is calculated based on the approach of Komninos [START_REF] Komninos | Investigating the Importance of Mass Transfer on The Formation of HCCI Engine Emissions using a Multi-Zone Model[END_REF] and is the sum of a laminar and a turbulent component.

The ratio of turbulent to laminar conductivity is calculated using the following formula: Equation 4 presupposes swirl dominated flows and is used in the absence of other data. The viscosity ratio of Equation 4 is calculated from the following relation:

Where k=0.41 is the Von Karman Constant, α=0.06 and yn+ is the normal distance from the wall. The characteristic velocity is considered to be proportional to engine speed.

EXPERIMENTAL SET-UP AND ENGINE SPECIFICATIONS

The experiments were conducted using a Waukesha Co-operative fuel research (CFR) singlecylinder engine. CFR engine is a standard engine with Bore × Stroke (mm) of 82.6 × 114.3 and displacement of 612 cc. Throttle was kept wide open. A heater was installed inside the intake manifold in order to control the intake mixture temperature when needed. Intake mixture consisted of air, natural gas and exhaust gas recirculation (EGR). Intake mixture temperature was set at constant value and was monitored just before intake valve. EGR line was taken immediately after exhaust port and returned to intake manifold after the heater and before the fuel injectors. EGR was controlled by a manual butterfly valve. A Kistler 6043A water cooled pressure transducer was used to acquire pressure signal on a 0.1 CAD resolution. Table 1 summarizes the engine specifications for the current experiments.

DESCRIPTION OF THE COMPUTATIONAL PROCEDURE OF MULTI-ZONE MODEL

Models was developed using FORTRAN programming language. The solver code solves the unknown variables (mass fraction for each chemical species and temperature for each zone) sequentially (zone by zone) from zone 1 to zone 5, for a user-defined time step. Time step was fixed at 0.1 CA for compression and expansion processes and 0.05 for auto ignition process (40o CA before top dead center to 40o after top dead center).

The computational procedure of the multi-zone code is shown in Figure 2. It can be seen that the calculation for each CA step is completed in two stages. First, mass of the zones was assumed constant (i.e. the mass transfer among zones was not considered). In order to estimate temperature and composition of the zones, the first law of thermodynamics, simultaneously, with the net rate of production equation for each species was applied.

In the second stage, initially, the cylinder total pressure was calculated. Then, by considering ideal gas law and each zone's defined volume, each zone's new temperature and mass were calculated.

If the computed mass in the second stage differs considerably with considered tolerance of the first stage, in order to equalize pressure, mass transfer among the zones takes place. Because of mass transfer, energy transfer among the zones occurs. Thus, the first law of thermodynamics and the mass conservation step should be calculated again. Single-zone model procedure is like multi-zone model. But in single zone-model the number of zones is one, therefore there is no mass transfer phenomenon. single-zone and multi-zone combustion models. As discussed previously, single-zone model assumes a homogenous mixture inside the cylinder and therefore, predicts a very short burning duration and a high peak pressure [START_REF] Aceves | Compression Ratio Effect on Methane HCCI Combustion[END_REF].

MZCM takes temperature and composition distributions into consideration and has better results in comparison with SZCM. According to Figure 3, MZCM can reasonably capture pressure history.

Figure 4 Shows Heat Release Rate (HRR) graphs for three considered operating conditions. According to graphs, it can be realized that in SZCM combustion starts earlier than MZCM, because boundary layer was not included in SZCM and this model predicts less heat loss than MZCM.

Then mixture warms up faster during compression stroke and ignites earlier. Due to lumped properties assumption in SZCM, there is no unburned hydrocarbon (UHC) and all of the fuel burns in a short period of time. It causes a thinner and higher heat release rate diagram for SZCM.
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 1 Figure 1. Zone configuration.
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	Parameter	Specification	Parameter	Specification
	Engine type	Single cylinder	Stroke (cm)	11.4
	Displacement (cc)	612	Connecting rod (cm)	24
	Throttle	Fully open	IVO (CAD)	10
	Main fuel	NG	IVC (CAD)	214
	Compression ratio	17.25:1	EVO (CAD)	500
	Bore (cm)	8.26	EVC (CAD)	

CONCLUSION

In this work a modeling study has been carried out to compare single-zone and multi-zone models abilities. Because of importance of chemical kinetic in HCCI combustion, detailed chemical kinetics was considered in both models. Improvement of the existence chemical kinetic mechanism is necessary due to addition of EGR in the cylinder charge. For this purpose, the rate coefficients of GRI-mech 3.0 mechanism were optimized using GA.

The following conclusions have been drawn:

1. The GA might be used in the hydrocarbons chemical kinetic mechanism development by the reactions rate coefficients adjustment.

2. Fitness function, on the basis of maximum pressure and indicated work, might be employed, as an effective parameter, in the proposed mechanism improvement in order to forecast combustion and performance parameters by the use of both combustion models.

3. According to comparison of modeling results with experimental data, MZCM have better performance than SZCM.

4. Due to lumped properties assumption in SZCM, there is no unburned hydrocarbon (UHC) and all of the fuel burns in a short period of time. It causes a thinner and higher heat release rate diagram for SZCM.