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Experimental investigation of the equivalence ratio influence on combustion, performance and exhaust emissions of a dual fuel diesel engine operating on synthetic biogas fuel

Introduction

The development of internal combustion engines and the process of reducing pollutant produced by fuel combustion have become mandatory requirements for propulsion systems designers. One of the main objectives is to find the best way to minimize the emissions without considerably modify the engine's mechanical structure while maintaining the same performance. One of the proposed solutions is the method of injection of diesel fuel and the use of diverse gaseous fuels like biogas, natural gas, etc.

As a result of the gradual depletion of fossil oil and the environmental degradation, the utilization of gaseous fuel from biomass attracts the attention of the researchers. Thus, the use of some alternative gaseous fuels in the diesel engine increases worldwide. Biogas is an alternative fuel produced through a biological process. In the absence of oxygen (anaerobic condition), the methanization reaction starts spontaneously when organic matter is in a tepid environment, where it decomposes to form a gas mixture called biogas. Raw materials like industrialized waste, agricultural and biomass present an important potential for the generation of biogas but are underutilized [START_REF] Rasi | Trace compounds affecting biogas energy utilization a review[END_REF][START_REF] Demirbas | Biofuels sources, biofuel policy, biofuel economy and global biofuel projections[END_REF][START_REF] Frijns | The potential of (waste) water as energy carrier[END_REF]. However, the biogas composition varies according to parameters such as humidity, gas pockets and variations of the waste location [START_REF] Elsayed | Effect of VS organic loads and buckwheat husk on methane production by anaerobic co-digestion of primary sludge and wheat straw[END_REF].

Because of the increasing demand to reduce the pollutant emissions of existing technologies of internal combustion engine (ICE), several researches have been carried out investigating new approaches to achieve this goal. However, amongst several studies which were realized, the conversion of the diesel engine into a dual fuel (DF) engine, so as to use the alternative fuel, showed interesting results. In this mode, gaseous fuel is injected into the inlet manifold where it is mixed with air. After that, the gaseous mixture is entered into the combustion chamber where the pilot fuel, which has an important cetane number, is directly injected, and then ignites to initiate the combustion [START_REF] Abhishek | Effect of compressed natural gas dual fuel operation with diesel and Pongamia pinnata methyl ester (PPME) as pilot fuels on performance and emission characteristics of a CI (compression ignition) engine[END_REF][START_REF] Ryu | Effects of pilot injection pressure on the combustion and emissions characteristics in a diesel engine using biodiesel-CNG dual fuel[END_REF]. It is noted that biogas is a recommended fuel for engines which have a big compression ratio taking advantage of its important octane number allowing higher thermal efficiency. It was also reported that with minor modifications of the diesel engine, the biogas could be used [START_REF] Van Mitzlaff | Engines for biogas[END_REF]. In fact, a compression ignition engine running in conventional mode can be just altered into DF mode by branching a gas blender to its intake manifold. Moreover, a fuel test system must be placed to adjust the flow rate of the injected diesel fuel [START_REF] Bhaskor | Effect of compression ratio on performance, combustion and emission characteristics of a dual fuel diesel engine run on raw biogas[END_REF]. Also, it was suggested that the engine operating in DF mode running in biogas can be used to reduce the quantity of the diesel injected and at the same time diminish the compromise between NOx and smoke [START_REF] Bhaskor | Effect of compression ratio on performance, combustion and emission characteristics of a dual fuel diesel engine run on raw biogas[END_REF][START_REF] Barik | Investigation on combustion performance and emission characteristics of a DI (direct injection) diesel engine fueled with biogas-diesel in dual fuel mode[END_REF][START_REF] Barik | Experimental investigation on the behavior of a DI diesel engine fueled with raw biogas-diesel dual fuel at different injection timing[END_REF][START_REF]Effect of carbon dioxide on the performance of biogas/diesel dual-fuel engine[END_REF][START_REF] Bedoya | Exploring strategies for reducing high intake temperature requirements and allowing optimal operational conditions in a biogas fueled HCCI Engine for power generation[END_REF].

In diesel engines, nearest the injection of the diesel, the air temperature is around 553K.

However, in dual fuel mode, under these conditions, the biogas cannot ignite without the presence of a little quantity of pilot fuel to raise the temperature up to a temperature of about 1087K [START_REF] Sahoo | Clean development mechanism potential of compression ignition diesel engines using gaseous fuels in dual fuel mode[END_REF]. Furthermore, it has also been observed that, the dual fuel engine requires an extended combustion duration and at the same time an over long ignition delay [START_REF] Kyunghyun | Effects of pilot injection timing on the combustion and emissions characteristics in a diesel engine using biodiesel-CNG dual fuel[END_REF][START_REF] Barik | Simultaneous reduction of NOx and smoke in a dual fuel DI diesel engine[END_REF][START_REF] Abhishek | Effect of compressed natural gas dual fuel operation with diesel and Pongamia pinnata methyl ester (PPME) as pilot fuels on performance and emission characteristics of a CI (compression ignition) engine[END_REF]. In addition, it was noticed that the ignition delay can be shortened with the use of a fuel possessing a great stage of dissolved oxygen, and a high cetane number. Also, a reduction of the emission of exhaust can be observed [START_REF] Xiangang | Diesel engine gaseous and particle emissions fueled with diesel-oxygenate blends[END_REF].

Various gaseous fuels (methane, propane, CNG, LPG, hydrogen) can be used to power the diesel engine operating in DF mode while maintaining engine efficiency, and reducing exhaust emissions [START_REF] Karim | A review of combustion processes in the dual fuel enginethe gas diesel engine[END_REF][START_REF] Carlucci | Experimental investigation and combustion analysis of a direct injection dual-fuel diesel-natural gas engine[END_REF]. Furthermore, the reduction of some exhausts emissions and the improvement of the engine efficiency can be achieved by the optimizing of certain parameters influencing the engine, such as, substitution ratio, injection timing, engine loads [START_REF] Sayin | Effects of injection timing on the engine performance and exhaust emissions of a dual-fuel diesel engine[END_REF], and inlet air temperature [START_REF] Papagiannakis | Study of air inlet preheating and EGR impacts for improving the operation of compression ignition engine running under dual fuel mode[END_REF]. Moreover, it was noticed by Makareviciene et al. [START_REF] Makareviciene | Performance and emission characteristics of biogas used in diesel engine operation[END_REF] that the combustion performance was better with variation of injection timing.

Srinivasan et al [START_REF] Srinivasan | Cyclic combustion variations in dual fuel partially premixed pilot-ignited natural gas engines[END_REF] found that DF (natural gas/diesel) engine could participate to minimize carbon dioxide emission by reason of the smallest carbon-hydrogen ratio. The natural gas may decrease greatly both NOx emission and soot [START_REF] Lounici | Towards improvement of naturel gas-diesel dual-fuel mode: an experimental investigation on performance and exhaust emissions[END_REF][START_REF] Abdelaal | Combustion and emission characteristics of a natural gasfueled diesel enginewith EGR[END_REF], which is complicated to attain in conventional mode. In addition, for various advantages of natural gas, it may be used like an additional fuel to operating in DF mode [START_REF] Abdelaal | Combustion and emission characteristics of a natural gasfueled diesel enginewith EGR[END_REF]. That is why former studies showed that the use of the biomethane as a fuel for vehicles is preferable for the energy production [START_REF] Henham | Combustion of simulated biogas in a dual fuel diesel engine[END_REF].

Additionally, dual fuel mode using biodiesel as pilot fuels [START_REF] Awad | Experimental investigation on the combustion, performance and pollutant emissions of biodiesel from animal fat residues on a direct injection diesel engine[END_REF][START_REF] Khiari | Experimental investigation of pistacia lentiscus biodiesel as a fuel for direct injection diesel engine[END_REF][START_REF] Tarabet | Experimental investigation of DI diesel engine operation with eucalyptus biodiesel/naturel gas under dual-fuel mode[END_REF][START_REF] Kezrane | Experimental assessment of performance and emissions maps for biodiesel fueled compression ignition engine[END_REF] shows a lowering of particulate emissions with the increasing of load [START_REF] Tarabet | Experimental investigation of DI diesel engine operation with eucalyptus biodiesel/naturel gas under dual-fuel mode[END_REF]. This was explained by the important combustion temperature and enabling combustion amelioration. Luijten and Kerkhof [START_REF] Luijten | Jatropha oil and biogas in a dual fuel CI engine for rural electrification[END_REF] have replaced the diesel by the Jatropha oil to ignite the DF engine operating with biogas. A reduction of about 10% of the brake thermal efficiency was observed. Similar observation was reported by other researchers using different pilot fuels (karanja methyl) [START_REF] Barik | Investigation on performance and exhaust emissions characteristics of a DI diesel engine fueled with Karanja methyl ester and biogas in dual fuel mode[END_REF].

Papagiannakis et al [START_REF] Papagiannakis R G, Rakopoulos | Emission characteristics of high speed, dual fuel, compression ignition engine operating in a wide range of natural gas/diesel fuel proportions[END_REF] obtained the effects of the amount of natural gas on NOx emissions.

The results showed that the augmentation of natural gas mass ratio has a good effect to minimize NOx emissions.

On the other hand, the effect of the biogas composition in DF mode was studied by Daouk et al [START_REF] Daouk | Experimental investigation and combustion analysis of biogas with different compositions in dual fuel diesel engine[END_REF]. They noted that the biogas containing 70% methane (by volume) and about 30% carbon dioxide has advantages in terms of emissions compared to the conventional mode.

Also, the study of the performance of dual fuel (biogas-diesel) was established by Lounici et al [START_REF] Carlucci | Experimental investigation and combustion analysis of a direct injection dual-fuel diesel-natural gas engine[END_REF], where a good knock resistance was observed from measured torque at the knock onset.

It was reported by several researchers that the high levels of THC emissions produced by DF combustion is considered as a disadvantage of this mode. In fact, it was achieved in other works that the hydrocarbon emission in normal diesel mode was lower than that in dual fuel operation, with about 6000 ppm [START_REF] Wannatong | Combustion and knock characteristics of natural gas diesel dual fuel engine[END_REF][START_REF] Papagiannakis | Combustion and exhaust emission characteristics of a dual fuel compression ignition engine operated with pilot diesel fuel and natural gas[END_REF]. In spite of the fact that, in DF mode, the THC emissions were decreased as engine load increases, but the value of hydrocarbon emission was even more important by about 2000 ppm [START_REF] Liu | Effects of pilot fuel quantity on the emissions characteristics of a CNG/diesel dual fuel engine with optimized pilot injection timing[END_REF] and 2.5 times [START_REF] Imran | Natural gas fueled compression ignition engine performance and emissions maps with diesel and RME pilot fuels[END_REF] in DF mode with natural gas. Thus, the need to get a method to diminish the THC emissions on a DF mode emerges.

Various methods were used in DF engine (NG/diesel) to reduce the THC without lowering the thermal efficiency, such as using injection timing [START_REF] Sun | Combustion performance and stability in dual fuel engine with different pilot diesel injection timing[END_REF], gas recirculation burning [START_REF] Zhou | Effect of hot exhaust gas recirculation on the combustion characteristics and particles emissions of a pilot-ignited natural gas engine[END_REF], raising the quantity of pilot fuel [START_REF] Liu | Effects of pilot fuel quantity on the emissions characteristics of a CNG/diesel dual fuel engine with optimized pilot injection timing[END_REF], etc.

Previous studies focused mainly on the use of natural gas for engines running in DF mode with respect to biogas. There are fewer studies about the biogas as a high potential alternative source of energy for compression ignition engines. Moreover, these studies stated that the use of biogas can be limited by the high levels of pollutant emissions, especially unburned hydrocarbon. Thus, the main objective of the present study is to investigate the use of biogas in CI engine and to propose a technique to reduce the pollutant emissions without any drawbacks on the performance of engine at high load. The proposed technique is based on varying the total equivalence ratio using a throttle valve to adjust the air mass flow rate.

Materials and procedure

Biogas used in engine test

In general, the composition of biogas fuel is ranging from 50% to 70 % (by volume) for methane and 30% to 50% for carbon dioxide. In this study, CH 4 and CO 2 , stored separately in pressurized bottles, were used in the engine test with a percentage of 60% and 40%

respectively. The biogas used was prepared using a computer controlled mixer.

In the beginning, the engine is operated only on diesel fuel to prepare the engine (warm up and stabilize). After that, the engine is switched to dual fuel mode. The synthesized gaseous fuel passes through a line to the intake manifold after mixing. Close to the compression process ending, the flow rate of the pilot fuel injected into the combustion chamber is maintained constant to cover ten percent of the power output. After that, by increasing only the gaseous fuel flow (biogas), the power output is more rises. The compositions of primary fuel and diesel fuel used for this study are shown in table 1. function in a speed range of 0 to 2500 rpm, capable of generating a power up to 7.4kW. It includes a dynamometer, a particle analyzer, an exhaust gas analyzer and a gas supply system to feed the engine when it is operating in dual fuel mode. The fig. 1 shows the engine test scheme.

Fig. 1. Experimental setup scheme.

Using AVL software, the data was registered and analyzed from 100 cycles. A sampling interval of 0.2 crank angle (CA) is considered to obtain the combustion parameters. More details about the acquisition system; sensors precision and uncertainty calculation could be found in our previous works [START_REF] Lounici | Towards improvement of naturel gas-diesel dual-fuel mode: an experimental investigation on performance and exhaust emissions[END_REF][START_REF] Tarabet | Experimental investigation of DI diesel engine operation with eucalyptus biodiesel/naturel gas under dual-fuel mode[END_REF].

Through the tests, the energy input under dual fuel operation (diesel pilot fuel+biogas) was kept constant; this energy is allows to produce about 80% of the full load under conventional mode. The percentage energy substitution rate (PES) of biogas was kept constant (60%) for the different total equivalence ratios studied. The total equivalence ratio and the biogas percentage energy substitution rate are determined as following:

PES=( LHV B )/( LHV B + LHV D ) (1) ɸ=( AFR B-th + AFR D-th )/( ) (2) 
Where , and (kg/h) are the mass flow rates of biogas, diesel and air respectively. The calibration of the engine test bench was done according to the instructions given in the manufacturer catalog. The brake torque is measured from the dynamometer control system for a given operating condition. Parameters, such as the pressure cylinder, the flow rates of diesel, biogas and air are registered to analyze the engine efficiency.

Analysis combustion model

In order to examine the combustion process in both modes, the heat release rate (HRR) must be determined. The HRR can supply valuable information for understanding the engine operating. It is calculated analytically by applying and the first law of thermodynamics and the law of ideal gas. Using the variation of the cylinder volume and the recorded value of the cylinder pressure, the following expression is used to obtain the HRR [START_REF]Internal combustion engine fundamentals[END_REF].
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Where

 d dQ net is the net HRR,  d dQ C
is the rate of heat released by the fuel combustion and

 d dQ W
is the heat transfer rate through the cylinder wall obtained from the Woschni's correlation [START_REF]Internal combustion engine fundamentals[END_REF]. P is the cylinder pressure. γ is the ratio of specific heats. V represents the combustion chamber volume; it depends on the crank angle (θ) and the geometric parameters of the engine. The cylinder volume V is obtained by the following equation:

                         2 2 sin 2 2 1 2 cos 1 1 C L Cr Cr V V d (4)
where V d , C r , L and C are respectively the displacement volume, the compression ratio, the connecting rod length and the stroke.

Results and discussion

Combustion characteristics

The results shown below are discussed for a percentage energy substitution rate (PES) of 60%. The effect of the variation of total equivalence ratio was studied for the engine dual fuel (biogas/diesel) at high load. To diagnose combustion behavior, it is important to analyze the cylinder pressure history, which is obtained by the cylinder pressure data. The cylinder pressure data is used to plot the curves of cylinder pressure and the evolution of heat release rate (HRR), for the different total equivalence ratios with respect to crank angle. The incylinder pressure, ignition delay and net HRR for the conventional diesel and dual fuel (DF) operating modes at a constant engine speed of 1500 rpm are shown below for 80% of load. A comparison was done between the results of the conventional and DF engine mode.

Cylinder pressure

Fig. 2 shows the evolution of the cylinder pressure versus crank angle at various total equivalence ratios. As shown in fig. 2, the highest peak of cylinder pressure, of 86 bars, is noticed for the conventional diesel mode, which occurs 5.4 after TDC. However, as the total equivalence ratio increases, the evolution, as well as the peak, of cylinder pressure of dual fuel operation decreases. A minimum peak of cylinder pressure of 63 bars is observed at ϕ=0.7; it represents a reduction of about 26% in comparison to conventionel mode. In addition, it can be shown that the evolution of cylinder pressure also decreases even during the compression stage. Indeed, the reduction of the intake air flow, reduces the volumetric efficiency which reduces the in cylinder pressure. Fig. 2. Cylinder pressure variation with crank angle for both modes, for different equivalence ratios (ϕ).

Ignition delay

The ignition delay (ID) can be defined as the crank angle (CA) interval between two points.

The first point is the start of injection, and the second is the beginning of combustion. The combustion of biogas in DF mode undertakes a much complex process compared to that of diesel. Fig. 3 shows the plot of the ID evolution versus ϕ for DF mode (PES 60%) compared to conventional mode. It can be seen that the ID of DF is greater than the conventional mode for all studied cases. In addition, the ID increases as ϕ increases. The value of the ignition delay varies between 3.8 and 7.6 for ϕ ranging from 0.35 to 0.7. The reasons of the prolongation of ID are the reduction in the oxygen concentration, as the ϕ increases, and the diminution of the charge temperature [START_REF]Internal combustion engine fundamentals[END_REF] due to lower pressure as discussed previously (fig. 2). On the other hand, this extension can also be caused by the specific heat capacity of biogas which is high.

Furthermore, as reported by Wei Lijiang et al [START_REF] Wei | A review on natural gas/diesel dual fuel combustion, emissions and performance[END_REF], the addition of biogas into the cylinder can delay the auto-ignition of pilot fuel because of the coupling between free radicals. In fact, the gaseous mixture (air/biogas) goes through a pre-ignition reaction over the compression phase.

This chemical reaction affects the ignition of the pilot fuel, due to the formation of energetic radicals. Hence, the prolongation of ID can also be referred to chemical factors. Fig. 3. Ignition delay variation with ϕ.

Heat release

Fig. 4 shows the evolution of the heat release rate (HRR) versus the crank angle (CA) for conventional and dual-fuel (DF) modes at different total equivalence ratios. As shown in fig. 3, the combustion process, is divided into three phases namely: ignition delay, premixed phase (rapid combustion), and the diffusion combustion. At the beginning, one can visualize a negative heat release over the first phase which is explained by the vaporization of diesel fuel accumulated. As the combustion starts, the HRR takes positive value and increases until the peak of the second phase. This is followed by the diffusion combustion which is controlled by the (fuel-air) gaseous mixture. From fig. 4, the peak of HRR increases with the increasing of ϕ. Furthermore, the DF combustion start later with a few degrees of CA compared to the conventional mode due to the extension of ID as explained previously. The maximum and the minimum values of premixed peak of HRR for DF mode are 70 J/deg CA and 43 J/deg CA corresponding to ϕ of 0.7 and 0.35, respectively. In addition, the minimum of HRR of 36.7

J/deg CA is recorded in the case of conventional mode, which takes place at 8.8 °CA before TDC. Furthermore, at 0.35, 0.45, 0.55 ϕ, the diffusion combustion of DF mode is similar to that in conventional mode. This can be interpreted by the augmentation of ϕ of the gaseous mixture, owing to the rise of combustion temperature. Also, as ϕ increases the combustion process enhances and the second phase is reinforced as result of the good mixture concentration (fig. 5), which gives a highest flame speed of gaseous mixture (biogas/air). 

Combustion duration

Fig. 6 presents the evolution of the combustion duration with respect to total equivalence ratio. The combustion duration is presented in terms of crank angle. It is defined as the duration between the instance where the HRR takes positive value and the instance at which 90% of the net heat is released [START_REF]Internal combustion engine fundamentals[END_REF]. The combustion duration decreases as ϕ rises. It varies from 20.5 to 12.2 CA when ɸ varies from 0.35 to 0.7 respectively. As known, at high ɸ the burning velocity of biogas is higher than that at low ɸ [START_REF]Internal combustion engine fundamentals[END_REF], which consequently reducing the combustion duration, the same observation was achieved by Debabrata Barik et al [START_REF] Debabrata | Effects of diethyl ether (DEE) injection on combustion performance and emission characteristics of Karanja methyl ester (KME)-biogas fueled dual fuel diesel engine[END_REF].

Fig. 6. Variation of combustion duration versus ϕ.

Engine performance

The evolution of the brake thermal efficiency (BTE) for DF operation and conventional diesel engine with ϕ are shown in fig. 7. It can be calculated by the following expression:

Ƞ eff =P eff /( LHV B + LHV D ) (7) 
Where P eff (kW) is the brake power. The BTE in dual fuel (DF) mode increases with increasing equivalence ratio (fig. 7). Else, the BTE for the DF mode is higher than that of conventional mode for all the cases studied. For instance, the BTE of the engine operating in DF at ϕ=0.7 is better than that of diesel mode by about 19%. Indeed, as known, at high load, the BTE is improved when more biogas is provided to the cylinder. Regarding DF mode, the BTE increases with about 13% as ϕ increases. In fact, at high ϕ gaseous mixture (biogas/air) became more homogeneous. This is beneficial factor to have a complete combustion and limits misfires cases, which reduce THC emissions as it is shown in the next section and improve the BTE. 

Exhaust emissions

In this part, the evolution of pollutant emissions was analyzed for different ϕ at 60% PES. In DF mode, the concentration of soot in the exhaust gas is very low at high load; a similar observation was reported by Lyes Tarabet et al [START_REF] Tarabet | Experimental investigation of DI diesel engine operation with eucalyptus biodiesel/naturel gas under dual-fuel mode[END_REF]. Therefore, the evolution of soot is not presented in this study.

The variation of total unburned hydrocarbon (THC) related to the variation of ϕ is plotted in fig. 9. As shown in fig. 9, the concentration of THC emissions under DF mode is much important than that in conventional mode. On the other hand, it can be observed that THC emissions in DF mode decrease significantly with the augmentation of ϕ. Indeed, changing ϕ from 0.35 to 0.7 results in a THC emissions decrease of about 77%. This reduction can be particularly explained by the decrease of dilution of air/biogas mixture, which provides a good condition of fast flame propagation of biogas-air mixture. On the other hand, as stated previously the rich mixture leads to a better combustion process due to higher temperatures in the combustion chamber and limits misfires cases. Fig. 11 shows the evolution of the carbon monoxide emissions (CO) with ϕ. It may be noticed that as the ϕ increases the concentration of the CO emissions decreases about 58%. This is again the result of the better flame propagation leading to a more complete combustion due to the rich mixture. However, it can be also observed that, although the concentration of CO emission decreases with increasing ϕ, the concentration of these pollutants is still twice that of the conventional mode. Fig. 12 shows the evolution of the carbon dioxide with increasing ϕ. It can be observed that at high ɸ, the difference between the concentrations of CO 2 for both modes is about 7%. The specific emission of CO 2 (g/kWh) decreases about 14% with the augmentation of ϕ in the case of DF mode. Indeed, as discussed previously, the increase of ϕ induces an improvement of combustion process resulting in higher CO 2 concentrations (%Vol.) in the exhaust gas.

However, in the same time, the power output increases since the BET is becoming higher and thus resulting in lower specific emission (g/kWh) when increasing ɸ. 

Conclusion

In the present work, an experimental investigation was conducted to study the effects of equivalence ratio (ϕ) variations on the combustion characteristics, performance and exhaust emissions of a dual fuel (DF) diesel engine operating on biogas fuel at high load (80% of full load). The experiments were performed with a fixed energy input to the engine while the percentage energy substitution (PES) was kept constant (60%). ϕ was varied from 0.35 to 0.7.

The results led to the following conclusions:

-The peak of in-cylinder pressure under DF mode was lower than that observed for conventional mode for all the cases studied. Also, the peak of in-cylinder pressure decreased as ϕ increases for DF operation.

-Under DF mode, as ϕ increases, the ignition delay became longer and the heat release rate gave higher peak for the premixed phase.

-Concentrations of THC, CO, CO 2 and NOx were reduced with about 77%, 58%, 14% and 24% respectively when ϕ was varied from 0.35 to 0.7.

-The BTE was improves by about 13% with increasing ϕ under DF mode. Moreover, at ϕ=0.7, the BTE is higher than that of conventional mode by about 19%.
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  AFR B-th and AFR D-th (MJ/kg) are the theoretical air fuel ratios of biogas and diesel respectively. LHV B and LHV D are the lower heating values of biogas and diesel respectively.The injection timing of diesel fuel is fixed at 13°CA before top dead center (TDC). During dual fuel operation, ɸ was varied by adjusting the air flow rate using a throttle valve.However, for conventional diesel mode, the engine tests were conducted under wide open throttle (WOT) condition.
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Fig. 10 .

 10 Fig.10. Variation of NOx emissions with different ɸ.

Fig. 11 .

 11 Fig.11. Evolution of CO emissions with various ϕ.

Fig. 12 .
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Table 1

 1 Diesel fuel and biogas properties.

	Component	Primary fuel (Biogas)	Pilot fuel (diesel)
	Chemical Composition	60% CH 4 , 40% CO 2	C 12 H 26
		(V/V (%))	
	Cetane number	-	49
	Density (kg/m 3 )	1.33	840
	Stoichiometric air fuel ratio	6.04	14.60
	LHV (MJ/kg)	17.65	42

2.2. Engine test and procedure

In this study, the engine tests were carried out in the laboratory of Energy of Ecole des Mines de Nantes. It consists of a single-cylinder engine LISTER-PETTER, which is made to

Acknowledgments

The authors are very thankful to all the technicians in the laboratory of Ecole des Mines de Nantes for their help and for kind collaboration in this study.