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Abstract

:

The effects of hydrogen-enriched biogas on combustion and emissions of a dual-fuel spark-ignition engine with different hydrogen concentration ratios were studied numerically. A 1-cylinder spark ignition was used to perform a numerical simulation. To reveal the influence of the compression ratios on combustion and emissions of a gaseous engine, the crankshaft of the engine was modified to generate different compression ratios of 8.5, 9.0, 9.4, 10.0, and 10.4. The biogas contained 60 and 40% methane (CH4) and carbon dioxide (CO2), respectively, while the hydrogen fractions used to enrich biogas were 10, 20, and 30% of the mixture by volume. The ignition timing is fixed at 350 CA°. The results indicate that the in-cylinder pressure, combustion temperature, and combustion burning speed increase gradually with increasing hydrogen concentration due to the combustion characteristics of hydrogen in blends. As increasing the compression ratio, NOx emissions increase proportionally, while CO2 emissions decrease gradually. Almost no combustion process occurs as operating the compression ratio below 8.5 when using pure biogas. However, adding 20% of hydrogen fraction could improve the combustion process significantly even at a low compression ratio.
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1. Introduction


Due to concerns about environmental management and energy shortages, the vehicle industry has recently focused on the use of alternative fuels in an internal combustion engines. Many researchers have completed work on reducing emissions, improving engine performance, and fuel consumption in both numerical and experimental studies. Biogas, mainly composed of methane, can be used as an alternative fuel on a conventional spark ignition (SI) engine due to its advantages in lean-burn capability. In addition, biogas can be considered renewable energy since there is no major system modification needed on the SI engine. Using biogas could prevent the knocking phenomena since its octane number is high [1,2]. The disadvantages of using biogas as fuel are (a) the lower heating value of methane (CH4) might lead to incomplete combustion and (b) carbon dioxide (CO2) causes a diluent fuel mixture [3,4,5].



Using pure hydrogen as a fuel for the ICE could avoid many problems, i.e., low power density, high NOx emissions, and knock or backfire phenomena. This is because the absence of carbon atoms in hydrogen’s composition induces lean combustion (i.e., zero emissions of CO2, CO, and HC) [6,7,8,9,10]. However, knock combustion is one of the disadvantages of the use of hydrogen as a fuel for ICE. For instance, a numerical modeling analysis by Robert et al. [11] revealed the link between the pressure wave and flame front, resulting in a considerable rise in local pressure and temperature. This finding shows that super-knock is characterized by a shift from deflagration to an explosion. The knock combustion is linked to micro variables such as flame speed and the unburned mass fraction. Another numerical study proposed by Yu et al. [12] revealed the effects of flame speed on knock by using 1D cylindrical geometry flame propagation and end-gas autoignition in a closed cylindrical chamber. They concluded that knock intensity increased with flame speed when the unburned mass fraction was large, while the opposite trend occurred when the unburned mass fraction was small.



Combined biogas and hydrogen as fuel blends are another possible solution to improve combustion performance, emission, and fuel consumption of IC engines. The effects of H2 addition into the blend have been widely investigated with various combustion types since blends exhibit some advantages, such as combustion enhancement and reduction of pollutant emissions of CO and HC [13,14,15,16,17]. Additionally, hydrogen in blends improves the burning velocity even with a small amount. For instance, Benaisa et al. [16] presented a numerical simulation using two chemical algorithms of 0-D Senkin and 1D Premix. They used the biogas composition of 60% CH4 and 40% CO2 blended with H2 concentration which varied in the range of 0 to 50% in the fuel. The results exhibited that biogas-enriched hydrogen improves flame speed and ignition delay. In addition, that the flame speed is substantially increased with the increasing hydrogen addition, and the increment of hydrogen concentration in blends can be linearly correlated with the flame speed. This is because the rate of hydroxyl H2 oxidation reaction is increased when the hydrogen percentage in biogas fuel is increased, resulting in increased fuel consumption and improved overall reactivity of the biogas/hydrogen–air combination. Therefore, the rise in laminar flame speed, heat release rate, and adiabatic flame temperature with increasing beginning temperature is due to the huge synthesis of radicals, which speeds up the combustion process. Wei et al. [17] reported the total emissions (i.e., CO, NOx, NO2, and NO2/NOx ratio) of laminar premixed biogas–hydrogen impinging flames by experiment and numerical calculation. They concluded that the emission index of CO exhibits a low value at the small and large concentrations of hydrogen, while the NO value is affected by the separated distance. In fuel-rich conditions, the decrease in NO leads to a reduction in NOx concentration. Law [18] reported the flame front speed in a mixture of 85 and 15% of hydrogen and methane, respectively. The results showed a substantial reduction in laminar burning velocities with hydrocarbon substitution. In addition, this supported the potential of propane as a suppressant of both diffusional–thermal and hydrodynamic cellular instabilities in the hydrogen–air flames. Ilbas et al. [19] claimed that the burning velocities are increased, and the flammability limit is enlarged with increasing hydrogen addition in hydrogen–methane blends. They also suggested that a mixture of 30% of hydrogen and 70% of methane could be a competitive alternative fuel for existing combustion plants. Di Iorio et al. [20] compared standard gasoline fuel, methane, and different methane/hydrogen blends in transparent single-cylinder DI (direct injection) and SI (spark ignition) engines in terms of engine performance and exhaust emissions. The flame propagation speed is increased with increasing hydrogen concentration in blends. The peak value of in-cylinder pressure is increased and moved toward TDC (top dead center) since the hydrogen fraction is increased; therefore, the combustion duration is decreased. Due to the increase in in-cylinder temperature, NOx emissions are increased appropriately.



In recent years, very few studies reported on the effects of various compression ratios (CRs) on the performance and emission properties of the SI engine with gaseous fuels [21,22,23,24,25]. For instance, Oh et al. [22] reported a study on the combustion and emission characteristics of a high CR, single cylinder, and SI engine fueled by a hydrogen-enriched gas mixture. The CRs were varied in the range of 10:1 to 17:1 by modifying the shape of the combustion chamber. The air–fuel ratio was operated from 3.5 (i.e., the lightest load) to 1.0 (i.e., the highest load). The spark timing was performed to optimize the timing at different load conditions. The highest indicated thermal efficiency was at CR = 17, 51% of load condition, and the air–fuel ratio (AFR) within the range of 2.0 ≤ AFR ≤ 3.0. At these conditions, the NOx emission attained a peak value. Duan et al. [23] investigated experimentally the effects of changing CRs on heavy-duty SI engine performance and emissions using methane gas and hydrogen in blends. Two compression ratios were operated, i.e., 13.6 and 14.0. The engine was transformed from a high CR heavy-duty diesel engine to an SI engine. The fuel consumption is decreased as increasing hydrogen fraction in the blends. Additionally, the fuel consumption is reduced as increasing CR. The NOx emissions increased rapidly, while the HC emissions decreased with increasing hydrogen fractions. The CO emissions were not much affected by changing CR and hydrogen fractions in blends. In contrast, the CO2 was reduced significantly with increasing CR and hydrogen fractions. Sharma et al. [24] performed a numerical study on the effects of hydrogen energy share and CR on the combustion and emission characteristics of a dual fuel engine. There was a clear trade-off between the greatest hydrogen energy share and CR, according to the researchers. Furthermore, when the energy fraction of hydrogen increased at all compression ratios, emissions appeared to decrease. Zareei et al. [25] used the AVL Fire™ Software to reveal the effects of adding hydrogen into CNG fuel on the diesel engine. They demonstrated that increasing the amount of hydrogen in the HCNG combination increased NOx emissions while decreasing HC and soot emissions.



It can be realized from the above discussion that there were many studies separately on the combustion performance of engines fueled with hydrogen–biogas blends, pure hydrogen, pure biogas, or methane gas. However, there are few comparative analyses on the combustion and emissions of the engine fueled by different biogas–hydrogen blends while changing the CR, especially for the engine with low CR. Using numerical methods, this paper aims to provide a comparison of the combustion performance and emission features of the SI hydrogen–biogas engine at different compression ratios in the range of 8.5 ≤ CR ≤ 10.4, while the hydrogen fractions varied in the range of 0% ≤ H2 ≤ 30%. In particular, the advantages of combustion caused by the addition of hydrogen to biogas, as well as their contribution to engine performance and pollutant reduction due to the variation of compression ratios, were evaluated and numerically presented. The effects of changing the compression ratio were also investigated and discussed in the following sections.




2. Modeling Theory


2.1. Numerical Analysis


A commercial computational fluid dynamics code of ANSYS FLUENT was used to perform complex combustion and emissions of the dual-fuel engine using hydrogen–biogas as fuel. The simulation based on thermodynamic theories was employed to investigate the combustion performance and emission characteristics of the gas engine. The fundamental governing equations (continuity, momentum, energy, and species equations) were employed for solving the unsteady turbulent flow. The pressure-based segregated algorithm was used to work with the turbulence model. The RNG k-ε turbulence model was used to take account of the turbulent effects. This model has been used widely and is considered one of the suitable turbulence models for the study of combustion engine simulation [26,27]. The fundamental conservation of fluid equations was as follows:



The conservation of mass [28]:


    ∂ ρ   ∂ t   +   ∂  (  ρ u  )    ∂ x   +   ∂  (  ρ v  )    ∂ y   +   ∂  (  ρ w  )    ∂ z   = 0    



(1)




where u, v, and w were velocity components in the directions of x, y, and z, respectively,  ρ  was the fluid density.



The conservation of energy [28]:


    ∂  (  ρ e  )    ∂ t   + d i v  (  ρ e  )  = ρ   D e   D t   + e   D ρ   D t    



(2)




where e was the specific energy (i.e., energy per unit mass).



The conservation of momentum [28]:


    ∂  (  ρ u  )    ∂ t   + d i v  (  ρ u u  )  = d i v  (  μ g r a d u  )  −   ∂ p   ∂ x   +  S u   



(3)






    ∂  (  ρ v  )    ∂ t   + d i v  (  ρ v u  )  = d i v  (  μ g r a d v  )  −   ∂ p   ∂ y   +  S v   



(4)






    ∂  (  ρ u  )    ∂ t   + d i v  (  ρ w u  )  = d i v  (  μ g r a d u  )  −   ∂ p   ∂ z   +  S w   



(5)




where μ was the dynamic viscosity of the fluid, p was the pressure, Su, Sv, and Sw were the generalized source terms in the equation, respectively.



The species mass conservation [28]:


    ∂  (  ρ  c s   )    ∂ t   + d i v  (  ρ u  C s   )  = d i v (  D s  g r a d  (  ρ  C s   )  +  S s   



(6)




where Cs was the concentration of species in the mixture; Ds was the diffusion coefficient of the component in the mixture; Ss was the mass per unit volume.



The chemical reaction mechanism used for the hydrogen–biogas combustion was based on the Arrhenius law, leading to a rate coefficient expressed as follows:


  k = A  T β   e  −    E a    R T      



(7)




where A is the values of the pre-exponential coefficient, T is temperature, Ea is the activation energy, and  β  is the temperature-dependent coefficient.



The four-step mechanism of Jones and Lindstedt [29] was used in this study as follows:


     CH  4  + 1 / 2  O 2  → CO + 2  H 2       CH  4  +  H 2  O → CO + 3  H 2      H 2  + 1 / 2  O 2  ↔  H 2  O    CO +  H 2  O →   CO  2  +  H 2    



(8)







The NOx formation was estimated using an extended Zeldovich mechanism since the combustion temperature of hydrogen-enriched biogas is normally greater than 1500 K [30,31,32,33,34]. The NO was generated from three chemical reactions as follows:


   O +  N 2  ⇌ NO + N    N +  O 2  ⇌ NO + O    N + OH ⇋ NO + H   



(9)







The rate of formation of NO is,


     d  [  NO  ]    dt   =  K  f , 1    [ O ]   [   N 2   ]  +  K  f , 2    [ N ]   [   O 2   ]  +  K  f , 3    [ N ]   [  OH  ]     −  K  r , 1    [ O ]   [   N 2   ]  −  K  r , 2    [ N ]   [   O 2   ]  −  K  r , 3    [ N ]   [  OH  ]    



(10)




where Ki is the rate of the constant of each reaction (i.e., i); The Kf is the association rate constant, and Kr was the dissociation rate constant. With T is the combustion temperature, the Kf,i and Kr,i are forward and reverse reactions and are given as follows:


   K  f , 1   = 7.6 ×   10   13    e   (  −   38 , 000  T   )     



(11)






   K  r , 1   = 1.6 ×   10   13    



(12)






   K  f , 2   = 6.4 ×   10  9   e   (  −   3150  T   )     



(13)






   K  r , 2   = 1.5 ×   10  9   e   (  −   19 , 500  T   )     



(14)






   K  f , 3   = 4.1 ×   10   13    



(15)






   K  r , 3   = 2.0 ×   10   14    e   (  −   23 , 600  T   )     



(16)








2.2. Engine Model


Numerical modeling was performed on a single-cylinder spark-ignition Daewoo engine (model 168FB). The main engine specifications were listed in Table 1. The crankshaft of the engine was modified to provide five models corresponding to compression ratios CR of 8.5, 9.0, 9.4, 10.0, and 10.4. The engine was operated at a constant speed of 3000 rpm and 100% of the throttle opening angle. The ignition timing was fixed at 10 degrees before TDC, i.e., 350 Crank Angle (CA°). The calculation of crankshaft modifications and corresponding CRs is given in Table 2. The partially premixed model was employed for the combustion process. The geometry of the combustion chamber and its calculated space were shown in Figure 1. The grid convergence had been tested using Grid Convergence Index to keep the maximum uncertainty of less than 10% due to the discretization in CFD simulation, as suggested by Roache [35]. The test indicated that 295,251 cells were adequate. The mesh was a hybrid type with a total of 72,852 nodes.




2.3. Fuels


The biogas fuel used in this study consists of 60 and 40% of methane and CO2, respectively. The engine was fueled with different biogas–hydrogen blends of B100H0, B90H10, B80H20, and B70H30, indicating the content of biogas in different volume ratios (e.g., B90H10 contains 90% biogas and 10% hydrogen in volume). The dual fuel was injected separately by two-port injectors. The physical and chemical properties of biogas and hydrogen are indicated in Table 3. The simulations were conducted initially using pure biogas as the main fuel at 100% load to create the reference line data while varying CR. Then, further calculations were performed with different hydrogen additions in biogas (i.e., 5–30%) at various compression ratios. Finally, those results were compared with the reference line data to illustrate the influence of changing CR on the combustion and emission characteristics of the given mixture of fuels.




2.4. Model Validation


Before performing the simulations, the numerical model was validated to ensure the accuracy of the simulation results. To calibrate the combustion model using hydrogen-enriched biogas, the in-cylinder pressures were compared with the experimental and numerical results [6,36,37]. The NOx emission model was compared with the proposed results [27,38,39]. The simulation and experiment curves were nearly identical. The validation results exhibited the in-cylinder pressure and NOx emissions change in the same trend as varying the hydrogen fractions, shown in Figure 2 and Figure 3, respectively. The other results were assured by this validated model. In other words, the CFD model is considered valid for the modeling combustion engine process with hydrogen–biogas blends.





3. Results and Discussion


3.1. In-Cylinder Pressures


Figure 4 exhibits the variations of in-cylinder pressure with the crank angles of a dual-fuel engine fueled with biogas enriched by hydrogen fractions of B100H0, B90H10, B80H20, and B70H30 at different compression ratios of CR8.5, 9.0, 9.4, 10.0, and 10.4. The dashed vertical lines in Figure 4a–d are indicated for the engine top dead center (i.e., at 360 CA°). As shown in Figure 4, the peak value of in-cylinder pressure increases and moves toward the engine top dead center (TDC) with an increased compression ratio. At a fixed compression ratio, the peak value of in-cylinder pressure increases when increasing the fraction of hydrogen in the mixture. By using pure biogas (B100H0), combustion could not be able to process since the compression ratio is about 8.5 or less than that (Figure 4a). As shown in Figure 4a, the pressure reaches a peak at TDC after the ignition timing and then decreases immediately as B100H0 is not burnt. However, as the fraction of hydrogen increases, the peak value of in-cylinder pressure increases rapidly (Figure 4b–d). It means that the biogas engine with a low compression ratio might work properly when adding some hydrogen into biogas. Since increasing the compression ratio, the combustion flame speed is increased appropriately due to the high heating value and burning speed of hydrogen. As shown in Figure 4d, the in-cylinder pressure raises slightly before the ignition timing for cases of high compression ratios. This is because, at a high compression ratio and appropriate in-cylinder gas temperature, the hydrogen in blends is easy to burn inside the combustion chamber since the spark ignition energy of hydrogen is very low compared to that of biogas. In general, the larger in-cylinder pressure results in a better heat-work conversion process and fuel consumption reduction by adding hydrogen into biogas. This is because hydrogen has a high laminar flame speed (Table 3). However, the in-cylinder pressure starts to decrease slightly as increasing the hydrogen fraction beyond a value of 20%. This is because biogas and hydrogen were separately injected into the intake port and premixed during the intake stroke. When the hydrogen consumption inside the combustion chamber was increased beyond H20, the hydrogen with low density occupied a large amount of in-cylinder volume. Therefore, the volumetric efficiency of the test engine decreased with the increase in hydrogen fractions.



Figure 5 displays the air–fuel ratio (AFR) at different compression ratios as changing the hydrogen fraction in blends. As shown in Figure 3a–d, the AFR increases with an increased compression ratio. For instance, at B100H0, the AFR in the case of CR8.5, 9.0, 10.0, and 10.4 is about 1.1, 1.15, 1.2, 1.25, and 1.3, respectively. These values of AFR (at specific values of CR) almost remain since hydrogen fraction varied from 0 to 30% in blends. This observation indicates that the engine can only work in the condition of a lean mixture (AFR > 1) for various compression ratios. The higher the compression ratio, the greater the AFR acquired.



Figure 6, Figure 7 and Figure 8 show the typical concentration of CH4, H2, and O2 in the combustion chamber, respectively, at the original CR of the engine (i.e., CR = 9.4) and different hydrogen fractions in the blend. As shown in Figure 6 and Figure 8, the CH4 and O2 consumption are reduced with increasing hydrogen fraction in blends in the early phase of the combustion process. The slopes of CH4 and O2 concentration curves in the case of pure biogas (i.e., B100H0) are gradually lower than those in the cases of adding H2 into the mixture during the combustion process. For instance, the slope of CH4 and O2 consumption curves drops almost vertically after the spark timing. This is due to the existence of H2 in the blends and it results in an increase in burning speed in the combustion chamber. In other words, using H2 could improve the combustion process due to the stage of the lean mixture. Figure 7 exhibits the trend of adding H2 fractions into biogas during the intake and compression strokes of the combustion process. For instance, the H2 fractions increase rapidly at the beginning of the intake stroke and decrease suddenly at the end of the compression stroke.




3.2. Combustion Temperatures


Figure 9 shows the mean combustion temperature of in-cylinder gas with crank angles as varying compression ratios and hydrogen fraction in blends. The dashed vertical lines in Figure 9a–d are indicated for the engine top dead center (i.e., at 360 CA°).



As shown in Figure 9a, at CR8.5, the in-cylinder temperature decreased after the ignition timing indicating that at a low compression ratio, the biogas engine would not be able to work properly. In contrast, with an increased compression ratio, the in-cylinder temperature increases appropriately and moves toward the TDC. For instance, the peak value of combustion temperature and corresponded crank angle at a compression ratio of 10.4 are about 2700 K and 365 CA°, respectively. While at CR10.0, they are 2600 K and 368 CA°, respectively. Since the hydrogen fraction increases in blends, the combustion temperature increases, especially in the case of CR8.5 (Figure 9b–d). The peak value of combustion temperature moves closer to the TDC when the fraction of hydrogen is less than 30% (Figure 9a–c) and crosses the TDC as the hydrogen concentration is greater than 30%.



For instance, at CR10.4, the crank angle at the peak value of the combustion temperature of B100H0, B90H10, and B80H20 are about 368 CA°, 364 CA°, and 362 CA°, respectively, while it is about 359 CA° for B70H30. The higher the compression ratio, the greater the peak value of in-cylinder pressures and temperatures. These peak values of pressure and temperature occurred earlier with increasing hydrogen fraction. At 100% engine load condition, the higher combustion temperature results in a higher conversion of CO to CO2.




3.3. CO2 Emissions


The biogas used in this study can be considered as CH4-based gas in which CO2 is mixed with CH4. Therefore, before ignition time, CO2 is still available in the chamber as shown in Figure 10a–d. For instance, in Figure 10a, the CO2 in the case of pure biogas (B100H0) exhibits a value of about 4%. This value decreases slightly because the discharge coefficient decreases with an increased compression ratio. The discharge coefficient is known as the parameter used to quantify the breathing capacity of the engine intake system [26]. However, the emission of CO2 is decreased while adding hydrogen into biogas. For instance, at a fixed crank angle, CO2 emissions in the case of without adding hydrogen are significantly higher than those in the cases of adding 10%, 20%, and 30% of hydrogen. At CR10.4, the maximum value of CO2 concentration in the cases of B100H0, B90H10, B80H20, and B70H30 is about 10.5%, 9.6%, 9.4%, and 9.0%, respectively. The dashed vertical lines in Figure 10a–d are indicated for the engine top dead center (i.e., at 360 CA°).



In addition, the CO2 concentration in the case of high H2 fraction could reach a maximum value sooner than those in the cases of lower additional H2 as shown in Figure 10c,d. At any specific condition of the mixture, in the expansion stroke, the CO2 concentration is exhibited almost a similar value.



In other words, the CO2 emission reduced gradually with increasing hydrogen fraction in blends and compression ratio. This can be explained as the additive hydrogen in the blends reducing the ratio of C/H. In addition, the hydrogen has a high value of a lower heating value (as shown in Table 3) resulting in the improvement of the combustion process with increasing H2 fractions.




3.4. NOx Emissions


It is well known that NOx emissions depend on the oxidation of nitrogen in the combustion process and the high temperature of combustion. The relationship between the NOx emission rate and the temperature is described in detail by the Zeldovich mechanism [29]. NOx emission is increased as the mixture is lean, and the hydrogen fraction is high. In other words, the formation of NOx emissions is mainly attributed to high combustion temperature, rich oxygen concentration, and the residence time of nitrogen.



Figure 11 shows the NOx concentration with the variation of the crank angles at different compression ratios of 8.5, 9.0, 9.4, 10.0, and 10.4. The operating engine speed was 3000 rpm and fueled with biogas enriched by 0, 10, 20, and 30% of hydrogen, as shown in Figure 11a–d, respectively. The dashed vertical lines in Figure 11a–d are indicated for the engine top dead center (i.e., at 360 CA°). As shown in Figure 11a, at CR8.5, there is no combustion inside the combustion chamber, therefore, no NOx concentration existed.



In contrast, after ignition timing, the NOx concentration decreases by reducing the compression ratios. For instance, at the operation condition of adding a 10% hydrogen concentration into biogas, the peak value of NOx concentration of CR10.4, 10.0, 9.4, 9.0, and 8.5 is about 5300, 4200, 3500, 2950, and 2100 ppm, respectively, Figure 11b. As shown in Figure 11c,d, NOx emission is slightly decreased with increasing hydrogen fraction in blends to beyond 20%. For instance, at CR9.4 (Figure 11c,d), the peak value of NOx emission is about 3500, 3300, and 3100 ppm when the hydrogen concentration in mixtures of 10, 20, and 30%, respectively. This is because when the hydrogen fraction in the combustion chamber is higher than 20%, the oxygen in the mixture is reduced consequently (as shown in Figure 8). The in-cylinder temperature is slightly decreased (as shown in Figure 9c,d); therefore, the NOx emission is slightly reduced appropriately.



At given operation conditions, the NOx concentration increases rapidly during the first phase of the combustion process and reaches a peak before decreasing and remaining stable in the expansion stroke. This phenomenon can be explained as there is a relationship between the in-cylinder pressure and NOx emissions. By increasing the hydrogen fraction in blends, the combustion speed is increased consequently. Therefore, this results in an increasing rapidly in the concentration of NOx.



The NOx concentration contours at different CRs, 370 CA°, and various biogas–hydrogen blends of B100H0, B90H10, B80H20, and B70H30 are closely presented in Figure 12, Figure 13, Figure 14 and Figure 15, respectively. As shown in Figure 10, i.e., pure biogas fueled or no hydrogen added to the blend, the peak value of NOx concentration is located around the center of the combustion chamber. The NOx concentration is about a null value in the case of CR8.5 (Figure 12a) and increases rapidly with an increased compression ratio (Figure 12b–d). However, by adding hydrogen into biogas, as shown in Figure 13, Figure 14 and Figure 15, the NOx is slightly increased as increasing %H2 in blends.



Consequently, adding hydrogen into biogas with less than 30% of the volume fraction either promotes engine performance or produces NOx emission reduction at various compression ratios. The higher the in-cylinder temperature, the greater the NOx concentration. At a large compression ratio (e.g., CR10.0 or CR10.4), the hydrogen fraction in mixtures induces a large amount of NOx emissions appropriately.





4. Conclusions


A numerical model of a one-cylinder combustion engine was used to investigate the effects of hydrogen-enriched biogas on engine performance and emission characteristics. The results indicate that biogas enriched by hydrogen leads the in-cylinder pressure and in-cylinder temperature to increase rapidly; therefore, the combustion flame velocity is increased consequently. At given hydrogen fractions in the mixture, the higher the compression ratio, the greater the in-cylinder pressure and in-cylinder temperature. Operating the engine at a compression ratio below 8.5, the biogas engine may not be able to function correctly. However, adding a small amount of hydrogen less than 20% in volume into biogas could improve engine performance since the burning velocity improved significantly. The carbon dioxide concentration is reduced drastically with increasing hydrogen fraction. At a given hydrogen fraction in the blend, the increase in the compression ratio leads to an increase in NOx in the exhaust gas appropriately. The peak value of NOx moves toward the TDC by increasing the hydrogen fraction in the blend. Beyond 20% of the hydrogen fraction in blends, the NOx slightly decreases as increasing hydrogen concentration in the mixture.
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Nomenclature




	AFR
	Air–fuel ratio



	CA
	Crank angle, degree



	CH4
	Methane



	CNG
	Compressed natural gas



	CRs
	Compression ratios



	CR
	Compression ratio



	CO2
	Carbon dioxide



	DI
	Direct injection



	LHV
	Lower heating value, MJ/kg



	HC
	Hydrocarbon



	HCNG
	Hydrogen compressed natural gas



	H2
	Hydrogen



	ICE
	Internal combustion engine



	NOx
	Nitrogen oxides, ppm



	O2
	Oxigen



	PFI
	Port fuel injection



	p
	Pressure, bar



	SI
	Spark ignition



	T
	Temperature, K



	TDC
	Top dead center



	n
	Engine speed, rpm



	ρ
	Fluid density, kg/m3



	t
	Time, s
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Figure 1. The geometry of the combustion chamber and meshing. 
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Figure 2. Validation in-cylinder pressure versus crank angle at 0% hydrogen fractions [37]. 
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Figure 3. Validation NOx emission versus crank angle at 0% hydrogen fractions [27]. 
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Figure 4. In-cylinder pressure at different compression ratios and hydrogen fractions of (a) 0%, (b) 10%, (c) 20%, and (d) 30%. 
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Figure 5. Air–fuel ratio at different compression ratios and hydrogen fractions of (a) 0%, (b) 10%, (c) 20%, and (d) 30%. 
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Figure 6. Concentration of CH4 at CR9.4 and hydrogen fractions of 0%, 10%, 20%, and 30%. 
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Figure 7. Concentration of H2 at CR9.4 and hydrogen fractions of 0%, 10%, 20%, and 30%. 
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Figure 8. Concentration of O2 at CR9.4 and hydrogen fractions of 0%, 10%, 20%, and 30%. 
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Figure 9. In-cylinder temperature at different compression ratios and hydrogen fractions of (a) 0%, (b) 10%, (c) 20%, and (d) 30%. 
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Figure 10. CO2 emission concentrations at different compression ratios and hydrogen fractions of (a) 0%, (b) 10%, (c) 20%, and (d) 30%. 
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Figure 11. NOx emissions at different compression ratios and hydrogen fractions of (a) 0%, (b) 10%, (c) 20%, and (d) 30%. 
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Figure 12. NOx distributions at B100H0, 370 CA°, and different CR of (a) 8.5, (b) 9.4, (c) 10.0, and (d) 10.4. 
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Figure 13. NOx distributions at B90H10, 370 CA°, and different CR of (a) 8.5, (b) 9.4, (c) 10.0, and (d) 10.4. 
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Figure 14. NOx distributions at B80H20, 370 CA°, and different CR of (a) 8.5, (b) 9.4, (c) 10.0, and (d) 10.4. 
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Figure 15. NOx distributions at B70H30, 370 CA°, and different CR of (a) 8.5, (b) 9.4, (c) 10.0, and (d) 10.4. 
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Table 1. Main specifications of the test engine.
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	Property
	Value





	Engine type
	Spark ignition, Daewoo, model 168FB, port-fuel injection



	Cylinder volume
	196 cm3



	Bore
	68 mm



	Stroke
	72 mm



	Number of cylinders
	1



	Maximum Power
	4.8 kW@3600 rpm



	Maximum Torque
	13.2 Nm@2500 rpm



	Ignition timing
	10 CA° BTDC



	Compression ratio
	9.4:1
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Table 2. Compression ratio estimations.
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	Radius of Crankshaft [mm]
	Compression Ratio





	R = 32
	8.5



	R = 34
	9.0



	R = 36
	9.4



	R = 38
	10.0



	R = 40
	10.4










[image: Table] 





Table 3. Fuel properties [36].
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	Fuel Property
	Biogas
	Hydrogen





	Lower heating value, MJ/kg
	17.65
	119.93



	Octane number
	130
	130



	Stoichiometric A/F
	10.32
	34.36



	Density, kg/m3
	1.15
	0.08376



	Flame speed, cm/s
	25
	292



	Saturation pressure (kPa) at 38 °C
	2.27
	31.01



	Auto ignition temperature (°C)
	650
	585



	Diffusivity in air, cm2/s
	0.111
	0.63
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