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NOx emission from a two-stroke ship engine: Part 1modeling aspect

Introduction

Due to the high toxicity of nitric oxides (NOx) contained in ship engines exhaust gases, IMO introduced Annex VI to MARPOL 73/78 Convention. It forces ship-owners to limit NOx emission. The allowable emission level is defined in NOx Technical Code -every onboard engines above 130kW introduced to operation are obligated to have the valid certificate confirming the acceptable emission. If ship engines are subjected some alterations, they will have to extend such a certificate. Its prolonging consists in checking of parameters and structural parts (listed in the Annex) influencing the NOx emission. Any changes in the listed parameters could entail the necessity of carrying out the direct onboard measurements of the NOx emission. Such situation can cause to withdraw the ship with operation. According to the NOx Technical Code regulations, we can apply the simplified method during the onboard measurements.

To make these regulations more applicable, we would like to propose a method based on the measurements of working engine parameters like pressures, temperatures, etc. Moreover, we assume that these parameters measured in the standard equipped engine room are sufficient for developing the mentioned method. This requires to develop a model connecting these parameters into a function allowing for assessing the NOx emission level. We have selected the two-stroke crosshead slow-speed diesel engine with loop scavenge as our research subject because it is often applied as the ship main engine. Based on the developed model, a computational algorithm enabling to assess the NOx concentration in exhaust gases of twostroke ship engine has been developed.

In this paper, some issues of the modeling process of NOx formation in a combustion chamber of a two-stroke ship engine are presented.

NOx formation in a combustion chamber

Survey of existing NOx formation models

The direct reason of NOx formation in a combustion chamber is oxidation of nitrogen originating from both the scavenging air and injected fuel. Long-term investigations of the NOx formation carried out during a combustion process of various flammable mixtures bring into being many mechanisms allowing for estimation of the emitted NOx, for example [START_REF] Niehorster | Catalytically supported combustion on surface burner: modeling and NOx formation analysis[END_REF]:

the thermal mechanism known as the Zeldovich's mechanism, the prompt NO mechanism known as the Fenimore NO mechanism, the fuel-bound nitrogen mechanism, the N 2 O mechanism, the NO 2 mechanism, re-burning mechanisms, the NO mechanism by reactions with z NNH.

Their analysis allows to specify some parameters of a burning process influencing the NOx emission level. Basing on thermal mechanism supported by results of experimental investigations [START_REF] Bebara | Low NOx burners-prediction of emissions concentration based on design, measurements and modeling[END_REF], we can state that the most important parameter of this process is its temperature. According to conclusions from [START_REF] Egolfopoulos | Validation of nitrogen kinetics in high pressure fames[END_REF], the second important parameter is the pressure, causing for decreasing of NOx molar concentration. Investigations of Lyle [START_REF] Lyle | A study of pollutant emission characteristics of partially premixed turbulent jet flames[END_REF], show the considerable influence of relation between the molar concentration of fuel and air. According to these, the prompt mechanism predominates in rich mixtures. After exceeding a stoichiometric air concentration in a mixture, the rapid growth of the NOx concentration occurs due to a thermal mechanism domination. However, the further growth of the air concentration causes for decreasing of the NOx concentration due to declining the combustion process temperature. Kuo [START_REF] Kuo | Principles of combustion[END_REF] gives also dependences between the fuel composition and burning velocity, and the NOx concentration. According to these, a fuel molecular structure depends the velocity of burning and NOx concentration.

All mentioned NOx formation mechanisms were developed based on results of burning mixtures with various compositions. As a rule, these studies carried out for the stabilized and strictly determined conditions. Taking into account that influences of the mentioned mechanisms on the NOx emission and their interactions are still ambiguous, many scientists try to find more suitable solutions. Studying a combustion process of the methane/air mixture in the premixed, laminar flame, Romero proposed the general model of NOx formation [START_REF] Romero | Reduced kinetic mechanism for NOx formation. I laminar premixed CH4/air flames[END_REF]. This is the reduced and kinetic model containing 42 chemical reactions of the methane burning and NOx formation. Based on results of investigations for different pressures of burning, Egolfopoulos perceived noticeably decreasing the NO, NO 2 and N 2 O emission in relation to raising a pressure [START_REF] Egolfopoulos | Validation of nitrogen kinetics in high pressure fames[END_REF]. Marro [8] proposed model contains 108 chemical reactions based on results of the methane/air mixture burned in the laminar diffusion flame. However, studying combustion of propane in the turbulent diffusion flame with atmospheric pressure, Meunier [START_REF] Meunier Ph | The formation and destruction of NO in turbulent propane diffusion flames[END_REF] developed model containing 27 reactions of the thermal, prompt and fuel-bound mechanisms and 13 complementary reactions describing burning of propane. Independent studies carried out by Lyle [START_REF] Lyle | A study of pollutant emission characteristics of partially premixed turbulent jet flames[END_REF] and Caldeira-Pirez [START_REF] Caldeira-Pires | Characteristics of nitric oxide formation rates in turbulent nonpremixed jet flames[END_REF], concerned the turbulent burning of hydrocarbon fuels show that the prompt mechanism is dominant for formation of NOx inside the flame for small air concentration. However, in cases of burning fuels not containing hydrocarbons and in afterburning zones the thermal mechanism is dominant.

The presented results lead to the following conclusions:

the NOx emission model has to contain all known NOx formation mechanisms [START_REF] Niehorster | Catalytically supported combustion on surface burner: modeling and NOx formation analysis[END_REF], [START_REF] Guo | A numerical study on NOx formation in laminar counterflow CH4/air triple flames[END_REF], acceptable results of a modeling process can be reach in a case of the simultaneous modeling of both the combustion process and the NOx formation without the possibility of extract any mechanisms from consideration [START_REF] Romero | Reduced kinetic mechanism for NOx formation. I laminar premixed CH4/air flames[END_REF], but an universal and completed mechanism of the NOx formation is still unknown [START_REF] Lyle | A study of pollutant emission characteristics of partially premixed turbulent jet flames[END_REF].

Factors influencing NOx formation in a combustion chamber

The mixture burning process in a combustion chamber of two-stroke diesel engines runs in different conditions in relation to the presented models. The reciprocating movement of engine pistons causes for rapid changes of pressure and temperature in the combustion chamber. Their cyclical work do not allow for stabilization of burning process. Moreover, adjustments of installations delivering fuel to a combustion chamber [START_REF] Desantes | The modification of the fuel injection rate in heavy-duty diesel engines. Part 1: Effects on engine performance and emissions[END_REF], [START_REF] Reitz | Development and testing of diesel engine CFD models[END_REF] and exchanging air [START_REF]Interim Guidelines for the Application of the NOx Technical Code[END_REF] play the important role for the fuel oxidation process. The burning process is not adiabatic in such engines, therefore, a cooling system plays important role as well. Finally, the different designs of ship engines, in relation to shore ones, make additional complications in adapting the considered models. The main features of ship engines are the following [START_REF]Engine selection and project manual Sulzer RT-flex[END_REF] and [START_REF]Product Guide; engine data K98MC[END_REF]:

large dimensions, a multiple less rotational speed, a relation of a stroke to a cylinder bore often exceed 3, a loop scavenging of a cylinder and one exhaust valve centrally situated and hydraulically controlled, a high charging pressure achieved from even four turbochargers per one engine, -2 ÷ 3 fuel injectors in a cylinder head radial situated directly in the combustion chamber. According to the chemical kinetic theory, the amount of the molar concentration of reaction products depends on the molar concentration of substrates and the rate of chemical reactions. This rate is determined by so-called rate constants of each reaction, which can be approximated by the Arrhenius' equation. This equation makes these coefficients depended on a temperature and sometimes a pressure of the reaction process. In the combustion chamber, values of the NOx molar concentration don't achieve the equilibrium concentration. Therefore, time of burning is important for the NOx emission level. Taking it into account, we can say that the most important parameters influencing the NOx emission level are a pressure, time of coursing and temperature of the combustion process as well as composition of the burning mixture.

In turn, all factors having the impact on the presented parameters have to influence the NOx molar concentration in a combustion chamber and exhaust gases as well.

Estimation of the NOx emission requires to determine values of the mentioned parameters. For this purpose, the input data could be obtained during the engine operation. The combustion process pressure can be received by analyzing the indicator diagram. The range of the engine rotational speed allows determining the combustion time. Composition of a burning mixture and its temperature can be determined indirectly by using dependencies describing the combustion process. Taking into account the purpose of such a model, all data necessary to the NOx emission level estimation could be received based on:

measurements of engine working parameters made by devices installed in the standard equipped engine room, accessible design documentation of an engine, parameters characterizing a fuel composition.

Model of NOx formation in engine cylinder

To represent the NOx formation process in the two stroke ship engine cylinder, we developed the zero-dimensional, single-zone combustion model. This model required to develop two sub-models:

a temperature in the combustion chamber, a gas mixture composition during the combustion process.

To develop the mentioned sub-models we had to determine their significant parameters. Their description is presented in the consecutive subparagraphs and Fig. 1. 

A sub-model enabling to determine a combustion chamber temperature

A compression process temperature in the combustion and under-piston chambers

To determine an air temperature at a power stroke start we should know the compression coefficient of combustion and an under-piston chamber. Assuming a lack of any chemical reactions during compression, we can calculate its value by equation:

B A V V = ε (1)
Assuming the polytrophic compression, we can express the mean compression coefficient as follows:

+ + = A O A I i p p p p log n ε (2)
The input data for equation ( 2) are pressure values obtained by their direct measurement from cylinder indicators and a charge air receiver.

Knowledge of , n i and the geometrical dimensions of both chambers, as well as the timing of an engine allows to determine temperatures of a compression process in both the combustion and under-piston chambers:
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A fuel injection rate

A mass steam of fuel injected to the cylinder we can calculate using a function of fuel pump plunger (Bosh type) based on analysis of the cam-cam follower system. After its approximation, we obtained the following equation:
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The amount of fuel injected to a cylinder, we determined by using of Bernoulli's law taking into mind changes of the fuel density caused by the temperature difference between the fuel pump and cylinder chamber:

( ) ( ) pw p w 2 pw pp pw w p p H n C A m - + ⋅ ⋅ ⋅ ⋅ ⋅ = 2 (6)
Values of C, we determined by comparing the sum of fuel injected to the cylinder with the measured mass of the burned fuel per one cycle. Additionally, we assumed that a fuel injection beginning is the crank shaft angle for which a pressure in the fuel duct overcomes the open injector pressure and respectively an injection process ending is the crank shaft angle for which pressure in the fuel duct drops under the mentioned value.

Vaporized fuel steam from the injected fuel dose

The fuel atomizing and vaporization we described based on the Fick equation [START_REF] Smith | Foundations of Materials Science and Engineering 3rd[END_REF] and using Rosin-Rammler function [START_REF] Chomiak | Combustion. A study in theory, fact and application[END_REF], representing the particle size distribution. This distribu-tion has the continuous character, represented by the occurrence frequency of fuel droplets injected to a cylinder for their fixed diameters. We assumed their spherical shapes and their vaporization in micro-gravity conditions. The fuel steam mass of the vaporized fuel can be expressed:
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The d is determined by Hiroyasu equation cited by Rakopoulos [START_REF] Rakopoulos | Simulation and analysis of a naturally aspirated IDI diesel engine under transient conditions comprising the effect of various dynamic and thermodynamic parameters[END_REF] and [START_REF] Rakopoulos | Speed and load effects on the availability balances and irreversibilities production in a multi-cylinder turbocharged diesel engine[END_REF].

A combustion process temperature

To simplify the NOx emission model, we determined the combustion process temperature based on the mono-zone, zero-dimensional balance of energy [START_REF] Chen | Application of nonlinear sliding-mode observers for cylinder pressure reconstruction[END_REF], [START_REF] Heywood | Internal Combustion Engine Fundamentals[END_REF]:
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Substituting the energy obtained from a fuel combustion process, the piston work (friction energy is neglected) and the internal energy (an ideal tightness of the cylinder volume) in equation ( 9) we obtained:
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After calculation of the stoichiometric air demand necessary for burning of the fuel mass L, the masses in [START_REF] Caldeira-Pires | Characteristics of nitric oxide formation rates in turbulent nonpremixed jet flames[END_REF] can be obtained as follows:
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Values of c VS and c VP were obtained from empirical equations [START_REF] Włodarski | The ship engines. Theoretic fundamentals[END_REF]. However, c VF was obtained by using the thermodynamic data for each hydrocarbon species taken from the NIST database [23]. The weighted mean considered mass fractions of species as weights [START_REF] Lapuerta | Diagnosis of DI Diesel combustion from incylinder pressure signal by estimation of mean thermodynamic properties of the gas[END_REF] can be presented as follows:
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The temperature of the combustion process, obtained from the (10) equation requires heat flux values transferred to both the engine construction elements and the cooling system. Such a heat transfer process is very complicated because of the lack of reliable knowledge of this phenomenon [START_REF] Han | A temperature Wall function formulation for variable-density turbulent flows with application to engine convective heat transfer modeling[END_REF], [START_REF] Viskanta | Overview of convection and radiation in high temperature gas flows[END_REF]. Additionally, the lack of input data necessary for modeling a heat flux transfer which can be collected during a ship operation caused to apply the empirical Woshni's equation [START_REF] Galindo | Description of a heat transfer model suitable to calculate transient processes of turbocharged diesel engines with onedimensional gas-dynamic codes[END_REF], [START_REF] Ghojel | Heat release model for the combustion of diesel oil emulsions in DI diesel engines[END_REF], [START_REF] Nguien | A simulation model of heat exchange in the ship diesel engine cylinderenvironment system[END_REF] determining the heat transfer coefficient. The mentioned coefficient was used to determine the heat released to the cooling system by using Newton's heat transfer equation [START_REF] Incropera | Fundamentals of Heat and Mass Transfer[END_REF].

The initial composition of a gas mixture

Application of kinetic equations for combustion process description requires knowledge concerning concentration of each species. Assuming a lack of chemical reactions during the compression process and perfect scavenging, we took into account, according to Heywood [START_REF] Heywood | Internal Combustion Engine Fundamentals[END_REF], 0,209 mole fractions of O 2 and 0,791 mole fractions of N 2 . For these assumptions, the molar concentration of O 2 , N 2 and H 2 O in a humidly air for standard conditions can be obtained as follows:
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22,4 1000 0,791 [START_REF] Chomiak | Combustion. A study in theory, fact and application[END_REF] and at the end of the compression process:
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The molar concentration of hydrocarbon components contained in fuel can be expressed:
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A sub-model enabling to determine composition of a gas mixture taking part in the combustion process

Representation of chemical changes occurring in the combustion process

For modeling of the combustion process, we used the Konnov model [START_REF] Konnov | Development and validation of a detailed reaction mechanism for the combustion of small hydrocarbons[END_REF]. It takes into account the NO formation mechanism by reactions with NNH [START_REF] Konnov | The new route forming NO via NNH, Combustion and Flame[END_REF]. Bearing in mind the substituted fuel composition, we had to modify the Konnov model. These modifications consisted in:

reduction of a number of chemical species by eliminating species which have been set up as a product of their reaction with a methane, reduction of a number of chemical reactions which have been set up as a product of their reaction with a methane and the above mentioned chemical species, changes of properties for the remaining chemical reactions for thermodynamic conditions occurring in a combustion chamber during the combustion process. As a result of these actions, we obtained a kinetic model of a combustion process. The proposed model consists on 724 chemical reactions between 83 species. Schematic representation of this model is presented in Fig. 2. According to Fig. 2, the combustion process is initiated (except the thermal dissociation of fuel) by reactions CHx ions to the form of CxHy [START_REF] Kuo | Principles of combustion[END_REF], [START_REF] Curran | A comprehensive modeling study of n-heptane oxidation[END_REF], [START_REF] Curran | Comprehensive modeling study of iso-Octane oxidation[END_REF], [START_REF] Kiefer | Dissociation, relaxation, and incubation in the high-temperature pyrolysis of ethane, and a successful RRKM modeling[END_REF], [START_REF] Li | NOx formation in two-stage methane-air flames[END_REF]. In general, the mentioned reactions occur with participation of OH and H free radicals, produced by syntheses of CHx ions. Simultaneously, the CHx ions oxidation takes place. A result of this is formation of CHx-Oy radicals [START_REF] Herbon | The reaction of CH 3 +O 2 : experimental determination of the rate coefficients for the product channels at high temperatures[END_REF] and formyl groups HCO. The last ones come into being by OH reactions too. In next step, HCO is converted into CO and CO 2 .

Reactions of CHx, initiated by H and OH radicals cause to appear CxHy hydrocarbons. The main shares in these hydrocarbons have acetylene C 2 H 2 , ethylene C 2 H 4 , and ethane C 2 H 6 . Warnatz [START_REF] Kuo | Principles of combustion[END_REF] described these reactions in a general way. Based on the ethane decomposition, we could represent reduction of the presented species in the form of the simplified diagram presented in Fig. 3. Li and Williams [START_REF] Li | NOx formation in two-stage methane-air flames[END_REF] proposed reaction path diagram of CxHy reduction similar to the presented one. Nevertheless, Warnatz proved that for rich stoichiometric homogenous methane/air flames, the mentioned reactions are fastest ones controlling the whole combustion process due to this circumstance.

C 2 H C 2 H 6 C 2 H 5 C 2 H 4 C 2 H 3 C 2 H 2
Practically, at all phases of the CxHy oxidation, HCN, NHx and NxHy are formed by reactions with nitrogen and NOx. The modeling of these reactions is very important to determine the NOx amount emitted during combustion, because these species initiate process of the NOx formation described by the prompt mechanism. Based on the Miller [START_REF] Barlow | Scalar profiles and no formation in laminar opposed-flow partially premixed methane/air flames[END_REF], Gri-Mech 3.0 [START_REF] Bowman | GRI-Mech 2.11-An optimized detailed chemical reaction mechanism for methane combustion and NO formation and reburning[END_REF] and Linstedt [START_REF] Leung | Detailed kinetic modeling of C1-C3 alkane diffusion flames[END_REF] models and analysis presented in [START_REF] Williams | The Effect of Nitric Oxide on Premixed Flames of CH 4 , C 2 H 6 , C 2 H 4 and C 2 H 2[END_REF], we can present the NOx formation as follows:

during scavenging, N 2 and oxide are delivered to the combustion chamber, the N 2 in high temperature conditions partly dissociated to the atomic nitrogen, -CHx reactions with nitrogen initiate their decomposition to HCN, which, in turn, contribute to the formation of CN, NCO and NHx radicals after this decomposition with participation of O and OH, according to Fenimore [START_REF] Turns | Understanding NOx formation in nonpremixed flames: experiments and modeling[END_REF], CN radicals are oxidized to NCO and contribute in reduction of NOx concentration in the burning mixture, -NCO radicals are decomposed to NH and NO ions, but some amounts of these species are transformed into CO and CO 2 ones, ammonia and its NHx ions are transformed according to some reactions. Konnov noticed that beside of the mentioned reactions, some amounts of NNH ions leading to the reduction of the NOx concentration are formed.

Analysis of the combustion model from [START_REF] Barlow | Scalar profiles and no formation in laminar opposed-flow partially premixed methane/air flames[END_REF] proved the HNCO formation as a result of reactions with participation of NCO and HCN. The similar course of chemical conversion appears during the HOCN formation. This acid is formed by the HCN reactions with the OH radicals and decomposed into the isocyanic acid as a result of the reverse reactions. Nevertheless, the NCO reduction is also possible in high temperature conditions. Taking these reactions into consideration is very important due to changes of thermodynamic conditions in a cylinder during the combustion process because they influence velocities of individual reactions.

In the proposed model, the following reburning mechanisms are also implemented:

a reburning mechanism with contribution of the O, H, OH radicals [START_REF] Jarosi | Technical of pure burning[END_REF], a mechanism with contribution of the CHx ions [START_REF] Niehorster | Catalytically supported combustion on surface burner: modeling and NOx formation analysis[END_REF], [START_REF] Li | NOx formation in two-stage methane-air flames[END_REF], [START_REF] Shen | Kinetic model for natural gas reburning[END_REF],

a reduction mechanism with the NHx ions and HCCO radicals [START_REF] Shen | Kinetic model for natural gas reburning[END_REF], [START_REF] Nam | Application of the thermal DeNOx process to diesel engine DeNOx: an experimental and kinetic modeling study[END_REF], This model is complemented by the carbon reburning reactions. The most important impact for a value of the NOx concentration has the reduction reactions with participation of the atomic carbon [START_REF] Davis | An oprimized kinetic of H 2 /CO combustion[END_REF].

Determination of the species molar concentrations

A rate of progress of molar concentration changes for i-th reaction can be expressed by:
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The coefficient a ki is described in [START_REF] Kuo | Principles of combustion[END_REF]. To modify a value of the k fi constant with regard on influence of pressure changes, we are implemented the Stewart method [START_REF] Kuo | Principles of combustion[END_REF]. For determining of the species molar concentrations, equation [START_REF] Chen | Application of nonlinear sliding-mode observers for cylinder pressure reconstruction[END_REF] has been solved for each:

crank angle positions of a combustion process with resolution equal 750 points per circle, -83 species according to changes of a pressure and a temperature of a combustion process. A rate of progress of reverse reactions is determined based on calculation of equilibrium constants in relation to their molar concentration by equation [START_REF] Kuo | Principles of combustion[END_REF]: Values of enthalpy and entropy for species were determined by equations based on NIST [23] and NASA [START_REF] Mcbride | NASA Reference Publication 1311[END_REF] standards.

All results of the NOx concentration obtained by the developed computational algorithm can be found in [START_REF] Kowalski | NOx emission from a two-stroke ship engine: Part 2 -laboratory test[END_REF].

Conclusions

This paper deals with a model of the NOx formation in a cylinder combustion chamber of a two-stroke ship engine. It consists of both the thermodynamically model of a combustion process and the kinetic model of chemical reactions taking place during an engine working process. Application of such a model does not require carrying out direct measurements of engine exhaust gases. For the developed method, results of engine working parameters should be sufficient. Therefore, it is the hybrid model. Dependencies contained in the developed model have been applied in the computational algorithm allowing assessing the NOx emission from the two-stroke ship engine.
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