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Abstract

:

LNG is a potential alternative fuel for ships. Generating H2 through exhaust reforming is an effective method to improve the performance of the LNG engine and reduce its pollutant emissions. It is necessary to study the mechanism of methane exhaust reforming to guide the design of the reformer. Based on the detailed mechanism, the characteristics of methane reforming reaction were studied for a marine LNG engine. Firstly, the reforming characteristics of exhaust were studied. The results show that methane reforming requires a lean oxygen environment, and the hydrogen production reaction will not occur when the O2 concentration is too high. Then, the effects of the O2/CH4 ratio (0.2–1) and H2O/CH4 ratio (0–2) on the reforming reaction were studied. The results show that under O2/CH4 = 0.4, the molar fraction of hydrogen at the outlet of the reactor decreases with the increase in the H2O/CH4 ratios. Finally, a mechanism analysis was conducted. The results show that an oxidation reaction occurs first and then the steam reforming reaction occurs on palladium-based catalysts.
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1. Introduction


Marine fuel is mostly heavy fuel oil (HFO), and the complexity of low-quality fuel components leads to more exhaust pollutants from ships, such as nitrogen oxides (NOx), sulfur oxides (SOx), particulate matter (PM), and carbon dioxide (CO2) [1]. The relevance of the maritime transport sector to air pollutant emissions and its impact on air quality and human exposure, in particular on urban port areas, is evident [2]. In recent years, ship engines have gradually developed towards levels of low carbon, low pollution, and high efficiency. Technologies such as alternative fuels [3], after-treatment devices [4,5,6], and fuel cells [7] have been widely discussed.



At present, liquefied natural gas (LNG), as clean energy, has the advantages of a low carbon-to-hydrogen ratio and sulfur-free content. Marine engines fueled by LNG mostly use lean combustion and run on the Otto cycle to improve thermal efficiency and resist knocking and NOx emissions [8]. Research has shown that compared to high-speed diesel engines using heavy oil as fuel, LNG engines can reduce NOx emissions by 86%, SO2 emissions by 98%, CO2 emissions by 11%, and PM emissions by 96%; Compared to two-stroke diesel engines, two-stroke low-speed engines using LNG as fuel can reduce NOx emissions by 90%, SO2 emissions by 100%, CO2 emissions by 20%, and PM emissions by 99% [9,10]. In addition, the use of LNG and NH3 blended combustion also provides an option for ships to reduce emissions [11,12]. Due to the above advantages, LNG fuel ships have the highest number of alternative fuel ships. According to the latest DNV statistics, as of July 2023, there were 1079 ships using LNG in operation [13]. However, engines using LNG can be prone to the problem of methane slip, where unburned fuel is expelled in the exhaust. Methane has a higher greenhouse effect than CO2. In addition, the engines still emit some NOx.



Hydrogen has the advantages of low ignition energy and fast flame speed [14], and adding hydrogen to engines using LNG as fuel can improve the combustion process, thereby, reducing methane slip. In recent years, the reformed exhaust gas recirculation technology (REGR) of using exhaust and fuel for reforming to generate hydrogen has attracted widespread interest [15]. REGR produces hydrogen-rich gas through catalytic reforming of exhaust gas and fuel, which is recirculated into the engine. Long et al. [16] established a REGR furnace platform connected to marine LNG engines to generate hydrogen. On this platform, experiments were conducted to investigate the effects of the methane–oxygen ratio, reforming the exhaust gas ratio and the engine excess air ratio on the composition, hydrogen production rate, thermal efficiency, and reforming process of the reformer. The results indicate that reforming the mixture of engine exhaust gas (about 400 °C) and methane supplied through pipelines can generate hydrogen-rich gas. Under the catalysis of Ni/Al2O3 catalyst, the hydrogen volume concentration of the reforming product ranges from 6.2% to 12.6%. Through the combination of hydrogen and exhaust gas recirculation, the performance and emission of the marine LNG engine can be improved [17]. Long et al. [18] integrated a specially designed REGR reformer with a marine LNG engine and studied the performance of the reformer and engine closed-loop system, aiming to explore the emission reduction potential of REGR technology in marine LNG engines. The results show that the NOx emissions of the marine LNG engine using REGR are 60–70% lower than the prototype engine and can meet Tier III emission regulations.



In order to design a methane reformer, it is necessary to study the methane reforming mechanism. At present, there are a lot of examples of research on methane reforming based on chemical reaction kinetics [19,20,21]. Delgado et al. [22] established a detailed reaction mechanism of catalytic conversion of methane over the nickel catalyst, conducted experimental and kinetic simulation studies on the methane reforming process, and established a kinetic model that can predict the product distribution of the methane reforming process. The experimental and simulation results show that methane reforming follows an indirect path, that is, all the methane is oxidized to produce water and carbon dioxide, and the remaining methane is steam reformed to produce hydrogen and carbon monoxide. Karakaya et al. [23] developed a detailed reaction mechanism of methane reforming over rhodium catalyst and proved through experiments that the detailed reaction mechanism has a good predictive effect on the formation characteristics of hydrogen and other products and methane conversion under the condition of multi-component intake. Stotz et al. [24] developed a detailed reaction mechanism of methane reforming over palladium catalyst, which proposed three different methane activation pathways, comprising pyrolytic C–H bond dissociation steps and oxygen-assisted and dual-oxygen-assisted CH4 activation. Kinetic simulation of the reaction mechanism was performed using Detchem software to study the reaction characteristics of methane reforming for hydrogen production. However, most of the above studies are not based on the background of ship applications.



In this paper, based on the background of ship applications, the methane reforming process on palladium catalyst is studied based on the detailed chemical reaction mechanism. The one-dimensional reactor model in Chemkin software was used to simulate the methane reforming characteristics of natural gas engines under exhaust conditions, and the effects of different intake components and temperature on the methane reforming characteristics were studied. The sensitivity analysis method was used to analyze the sensitivity of H2 and CO formation at different temperatures, and the elementary reactions that had a great influence on the formation of H2 and CO were obtained. On this basis, the main reaction path diagram in the process of methane reforming was established, and the law of methane reforming on palladium catalyst was summarized. The results can be used to design marine natural gas engine reformers.




2. Materials and Methods


2.1. Mathematical Model


The plug-flow reactor (PFR) module in Chemkin was used to simulate the catalytic reaction mechanism. PFR reactor is a one-dimensional steady-state plunger flow reactor, which is often used in the simulation calculation of steady-state tube flow reactor for process design, optimization, and control. The one-dimensional plunger flow reactor model is generally based on the following assumptions:




	
For steady-state conditions, all parameters of the working fluid at each cross section are assumed no radial variations in the properties with time.



	
The reactor is a round pipe with equal diameter, and the temperature at each radial position is equal and constant.



	
The axial diffusion of any quantity of the corresponding convective term is negligible.



	
No interphase and intraparticle mass transfer limitations.








Since the code uses a one-dimensional heterogeneous model, the governing equations of mass and momentum balance can be simplified into first-order ordinary differential equations, which can greatly speed up the calculation process. In addition, the energy equations of the wall and gas phase are not necessary to solve for the isothermal condition. Therefore, the governing equations can be expressed as follows:



Mass continuity equation


  ρ u   d A   d x   + ρ A   d u   d x   + A u   d ρ   d x   =   ∑  m = 1  M    a  i , m       ∑  k = 1    N g       s ˙   k , m    W k    ,  



(1)




where ρ is the density, kg/m3; u is the axial velocity of the gas, m/s; Wk is the molecular mass of species i, g/mol;     s ˙   k , m     is molar rate of production of species k by surface reaction, mol/(cm2·s); A is the cross-sectional area of the pipe, m2; ai,m is the effective internal surface area per unit length of material, m2/m. Ng is the number of gas-phase species.



Gas-species conservation equation


  ρ u A   d  Y k    d x   +  Y k    ∑  m = 1  M    a  i , m       ∑  k = 1    K g       s ˙   k , m    W k    =  W k  (   ∑  m = 1  M     s ˙   k , m    a  i , m     +   ω ˙   k , m   A ) ,  



(2)




where Yk is the mass fraction of species k;     ω ˙   k , m     is molar rate of production by homogeneous gas reactions, mol/(cm3·s).



Energy equation


     ρ u A (   ∑  k = 1    K g      h k    d  Y k    d x     +  C p    d T   d x   + u   d u   d x   ) + (   ∑  k = 1    K g      h k   Y k  +  1 2     u 2  )   ∑  m = 1  M    a  i , m       ∑  k = 1    K g       s ˙   k , m    W k    =      a e   Q e  −   ∑  m = 1  M    a  i , m       ∑  k = 1    K b       s ˙   k , m    W k     h k     ,  



(3)




where hk is the specific enthalpy of species, J/kg; Cp is the mean heat capacity per unit mass of the gas, J/(kg·K); T is the gas temperature, K; Qe is heat flux from the surroundings to the outer tube wall, W/m2; ae is external surface area per unit length of material, m2/m.



Momentum equation


  A   d P   d x   + ρ u A   d u   d x   +   d F   d x   + u   ∑  m = 1  M    a  i , m       ∑  k = 1    K g       s ˙   k , m    W k    = 0 ,  



(4)




where P is the absolute pressure, Pa, and F is the drag force exerted on the gas by the tube wall, N.



Methane reforming is carried out in a honeycomb ceramic reactor with Al2O3 as carrier and palladium as catalyst. The detailed mechanism of methane reforming used in this paper was proposed by Stotz [25]. The reaction mechanism covers the possible reactions that may occur in methane catalytic reforming, as shown in Equations (5)–(9). The reaction mechanism consists of 54 elementary reactions, including 7 adsorption reactions, 7 desorption reactions, and 40 surface reactions. The mechanism includes six gas phase components, including CH4 and O2, partial oxidation products H2 and CO, and complete oxidation products H2O and CO2. It consists of 15 surface phase components, namely CH4(s), CH3(s), CH2(s), CH(s), C(s), CO(s), CO2(s), H3CO(s), H2CO(s), HCO(s), COOH(s), O(s), H(s), OH(s), and H2O(s). In this paper, the mechanism is compiled and imported into Chemkin for simulation calculation, and the gas phase reactions have been ignored.


    CH  4     + 2 O   2  ↔   CO  2     + H   2  O  



(5)






    CH  4   + 0.5     O   2  ↔    CO + 2 H   2   



(6)






  C  H 4  +  H 2  O ↔ C  O 2  + 3  H 2   



(7)






  C  H 4  + 2  H 2  O ↔ C  O 2  + 4  H 2   



(8)






     CO + H   2  O ↔   CO  2     + H   2   



(9)








2.2. Model Validation


The mechanism of methane reforming was verified by using the experimental data in reference [24]. The palladium catalyst used in the experiment was taken from a monolithic commercial catalyst and placed in a quartz tube to form a honeycomb ceramic reactor. Therefore, the honeycomb ceramic reactor module in Chemkin was used for simulation during model verification. The reactor model parameters are listed in Table 1.



The experimental conditions are shown in Table 2. The boundary conditions for Chemkin simulation are set according to the experimental conditions, and nitrogen is used as the balance gas.



Figure 1 shows the result of experimental and simulated concentration distributions of CH4, O2, CO, H2, and H2O along the reactor axis. From the experimental values in the figure, it can be seen that O2 is rapidly consumed by CH4 at the inlet of the reactor, while the molar fraction of H2O increases. CH4 oxidation reaction occurs, and the oxidation products are CO2 and H2O. After O2 is completely consumed, the concentration of CH4 further decreases, while the concentration of H2O also decreases, and the concentration of H2 and CO increases. At this time, the main steam reforming reaction occurs in the reactor. It can be seen from the figure that the simulated concentration curves of each component well reflect the reaction processes occurring in the reactor, and the simulated concentration curves of each component are consistent with the experimental values, while the concentration curves of H2 and H2O differ greatly from the experimental values, and the simulated values overestimate the H2 generation amount. The root mean square error (RMSE) is used to represent the average deviation between the predicted values and the experimental values. The RMSE values are 0.00622, 0.00759, 0.00329, 0.0352, and 0.0144 for CH4, O2, CO, H2, and H2O, respectively. The evaluation results indicate that the simulation values are in good agreement with the experimental values. At the same time, it was also found that the RMSE values of H2 and H2O were one order of magnitude larger than those of other substances, indicating that the prediction performance of H2 and H2O was somewhat poor. This may be because the catalytic reaction mechanism overestimates the intensity of the steam reforming reaction, and Stotz’s simulation results also show this trend [24]. Although there is a slight deviation in the axial concentration curve of each component of the reactor, the error between the simulated and experimental values of each component concentration at the reactor outlet is very small. Table 3 shows the comparison between the experimental and simulated values of each component concentration at the reactor outlet, and it can be seen from this table that there is a good consistency between the experimental and simulated values of different component concentrations.





3. Results and Discussion


3.1. Reforming Characteristics of LNG Engine Exhaust


Firstly, the reforming characteristics of the exhaust were studied. The measurement results of the exhaust composition of a certain type of LNG engine at 75% load are shown in Table 4. At present, to calculate the reaction characteristics of exhaust components on palladium catalysts under different air fuel–ratio operating modes of the engine, and to explore the impact of the air–fuel ratio on methane reforming characteristics of the engine. The air–fuel ratio [26] is the air mass required for the combustion of a unit mass of fuel. The air–fuel ratio is an important parameter during engine operation, as it not only directly affects the engine’s power performance, but also has a decisive impact on combustion stability and exhaust pollutant emissions.



The air–fuel ratio of the engine can be calculated based on the composition of the exhaust, as shown in Equation (10) [27].


  λ =   2  x  C  O 2    +  x  C O   + 2  x   O 2    +  x  N O   +  x   H 2  O     2  x  C  O 2    + 2  x  C O   +  x   H 2    + 2.5  x  C  H 4    +  x   H 2  O      



(10)




where  λ —air–fuel ratio;  x —mole fraction.



According to the above formula, and setting    x   H 2      to 1/3 of    x  C O    , the air–fuel ratio of the engine is calculated to be 1.59. The air–fuel ratio is adjusted by changing the O2 concentration while keeping the concentration of other components unchanged. The methane reforming reaction does not involve NOx components, so NOx was merged into the N2 content, and two sets of air–fuel ratio combinations are shown in Table 5.



Figure 2 and Figure 3 show the axial reaction characteristics of the reactor under two inlet conditions calculated by Chemkin, including the axial concentration distribution of each gas component and the axial coverage distribution of several key intermediate species. As shown in Figure 2, when the air–fuel ratio is greater than 1, CH4 and H2 are rapidly oxidized at the inlet of the reactor, and the conversion rate of CH4 quickly reaches 100%. Additionally, due to excessive O2, no H2 is generated. The reason for this phenomenon can be analyzed from the coverage curves of several key species, and it can be concluded that O(s) quickly reaches a coverage close to 1 at the inlet of the reactor, resulting in the active surface of the palladium catalyst always being in an oxidizing atmosphere and the generation of H2 being strongly inhibited. At an air–fuel ratio of 0.95, the CO and H2 components in the exhaust are oxidized at the reactor inlet, jointly consuming O2 in the exhaust. When the O2 concentration becomes 0, the CH4 concentration is high and the H2O concentration in the exhaust is very high. At this point, the methane steam reforming reaction begins, so the concentration curve of H2 and CO begins to show an upward trend. Finally, the H2 concentration at the outlet of the reactor is 1370 ppm, the CO concentration is 460 ppm, and the CH4 conversion rate is 22.7%. From the perspective of mechanism, the process of reaction occurrence is analyzed. Firstly, the catalyst surface at the inlet of the reactor is covered by a large amount of O(s), and H(s) and CO(s) consume O(s) through the oxidation reaction. After O(s) is consumed, the coverage of H(s) and CO(s) begins to increase, and these two surface species, as precursors for steam reforming, begin to form on the catalyst surface. From the above analysis, it can be concluded that methane reforming requires a lean oxygen environment, and the hydrogen production reaction will not occur when the O2 concentration is too high.




3.2. Influencing Factors of Reforming Characteristics


The exhaust data of a 300 kW LNG engine at 75% load is used for the next step of methane reforming research. Since only the reforming reaction is studied, the exhaust components of natural gas engines are simplified into O2, H2O, CO2, and N2. The emissions of each component under 75% load are 9.12%, 13.21%, 6.61%, and 71.06%, respectively.



3.2.1. The Effect of Oxygen–Carbon Ratio (O2/CH4)


The molar fraction of each gas component at different O2/CH4 ratios is shown in Table 6. When using the Chemkin simulation, set the gas hourly space velocity (GHSV) to 10,000 h−1 and the reactor temperature to 700 K.



Figure 4 shows the methanol conversion and mole fraction of hydrogen in the outlet under different O2/CH4 rations. The molar fraction of H2 in the outlet first increases and then decreases with an increase in the O2/CH4 ratios. When the O2/CH4 ratio reaches 0.4, the mole fraction of H2 in the outlet reaches the maximum value of 0.24. When the O2/CH4 ratio is greater than 0.4, with an increase in the O2/CH4 ratio, a large amount of CH4 is consumed through the complete oxidation reaction. Thus, the CH4 used for steam reforming reaction is reduced, which weakens the steam-reforming reaction, and reduces the molar fraction of H2 in the outlet. In addition, excessive oxygen may oxidize hydrogen. It can be seen from the curve that the methane conversion increases with the increase in the O2/CH4 ratio, and the methane conversion approaches 100% when the O2/CH4 ratio is 0.6. This is because a large amount of methane is consumed through the oxidation reaction after the O2/CH4 ratio is greater than 0.6.



Figure 5 shows the variation trend of the H2/CO ratio and reactor outlet temperature under different O2/CH4 ratios. It can be seen from the figure that the O2/CH4 < 0.6, H2/CO ratio is maintained at about 2.64, and then decreases with the increase in the O2/CH4 ratio. The H2/CO ratio depends on the competition between the steam reforming reaction (CH4 + H2O→CO + 3H2) and the partial oxidation reaction (2CH4 + O2→2CO + 2H2). The H2/CO ratio of the steam reforming reaction is 3, while the partial oxidation reaction is 1. Thus, the H2/CO ratio is between 1–3, and close to 3 indicates that steam reforming is dominant, and close to 1 indicates that partial oxidation reforming is dominant. When the O2/CH4 < 0.6, the H2/CO ratio was about 2.64, indicating that the steam reforming reaction was dominant in the reactor. When the O2/CH4 > 0.6, as the oxygen-to-carbon ratio increases, the H2/CO ratio gradually decreases. When the O2/CH4 ratio is 1, the H2/CO ratio is approximately 1.5, indicating that partial oxidation reaction is dominant. It can be seen from Figure 5 that the temperature increases with an increase in the O2/CH4 ratio, because the oxidation reaction is strengthened with the increase in oxygen concentration, and the oxidation reaction is a strong exothermic reaction.



Figure 6 shows the change in the hydrogen production rate of methane reforming under different O2/CH4 ratios. Hydrogen production rate is defined as the ratio of the amount of hydrogen generated to the amount of methane under initial conditions. It can be seen that when the O2/CH4 ratio is lower than 0.6, the hydrogen production rate continues to rise, and when the oxygen–carbon ratio is 0.6, the hydrogen production rate reaches the maximum of 1.7, and then gradually decreases with the increase in the O2/CH4 ratio. The reason for this phenomenon is that methane steam reforming is dominant when the O2/CH4 ratio is low. With the increase in the O2/CH4 ratio, the complete oxidation reaction gradually dominates, so the hydrogen production rate gradually decreases.




3.2.2. The Effect of Steam–Carbon Ratio (H2O/CH4)


Based on the study of oxygen–carbon ratio, the influence of H2O concentration on hydrogen production from methane reforming was further explored, and the steam carbon ratio was defined as the ratio of the amount of additional H2O and CH4 substances, excluding the H2O in the engine exhaust gas. The molar fraction of each gas component at different H2O/CH4 ratios is shown in Table 7.



Figure 7 shows that the molar fraction of hydrogen at the outlet of the reactor decreases with the increase in the H2O/CH4 ratios. When the H2O/CH4 ratio is 0, the maximum molar fraction of hydrogen is 0.24, and when the H2O/CH4 ratio is 2, the minimum molar fraction is 0.19. According to the steam reforming reaction, an increase in the concentration of H2O will promote the reaction, but when the concentration of H2O is too high, the excess H2O will reduce the partial pressure of CH4. Steam reforming reaction is a strong endothermic reaction, the standard reaction enthalpy of the reaction is 205.9 kJ/kg, endothermic heat reduces the internal temperature of the reactor, the steam reforming reaction cannot maintain a high reaction rate so the H2 generation rate in the reactor gradually decreases. This phenomenon becomes more significant with the increase in H2O concentration. The methane conversion rate increased slightly with the increase in H2O/CH4 ratio, and the overall methane conversion rate remained above 74%.



It can be seen from Figure 8 that with the increase in the H2O/CH4 ratio, the H2/CO ratio keeps increasing, and the outlet temperature of the reactor becomes lower and lower. As the concentration of H2O increases, the steam-reforming reaction gradually becomes dominant in the reaction system, so the H2/CO ratio increases. Because the steam-reforming reaction is dominant in the system, the heat absorption also increases gradually, and the outlet temperature of the reactor shows a downward trend.



Figure 9 shows the change in hydrogen production rate under different H2O/CH4 ratios. It can be seen from the figure that the hydrogen production rate gradually increases with the increase in the H2O/CH4 ratio, and the hydrogen production rate reaches 1.43 when the H2O/CH4 ratio is 2.0. This is because the increase in H2O concentration promotes the steam-reforming reaction, so the hydrogen production rate continues to increase, but the H2O/CH4 ratio has little effect on the change of hydrogen production rate compared with the change of the O2/CH4 ratio.





3.3. Mechanism Analysis of Methane Reforming


The sensitivity coefficient indicated the influence of the elementary reaction on the analysis target. The sensitivity coefficient was positive, indicating that the elementary reaction had a positive impact. Conversely, the sensitivity coefficient was negative, indicating that the elementary reaction had a negative impact.



The Chemkin software includes a sensitivity analysis module, and the relevant control equations can be expressed as:


    d c   d t   = f ( c , k ) , c (  t 0  ) =  c 0   



(11)






   d  d t     ∂ c   ∂  k j    = J ( t )   ∂ c   ∂  k j    +   δ f ( t )   ∂  k j    , ( j = 1 … m )  



(12)






   S  i , j   =    k j     c j      ∂  c i    ∂  k j    =   ∂ l n  c i    ∂ l n  k i     



(13)







In the formula,  c  is the n-dimensional concentration vector corresponding to the component,  k  is the m-dimensional reaction rate vector,    c 0    is the initial concentration,   J  t    is the Jacobian matrix,     ∂ c   ∂  k j      is the initial zero vector,  m  is the number of elementary reactions, and    S  i , j     is the sensitivity coefficient.



3.3.1. Temperature Sensitivity Analysis


Temperature sensitivity analysis can find the most obvious effect on the reaction temperature of the elementary reaction step, a sensitivity coefficient positive indicates that the elementary reaction will increase the reactor temperature, and a negative coefficient indicates that the elementary reaction will reduce the reactor temperature. Figure 10 shows the elementary reaction with the highest temperature sensitivity coefficient when the O2/CH4 ratio is 0.4 and the inlet temperatures are 700 K, 800 K, and 900 K, respectively.



It can be seen from Figure 10 that the maximum temperature sensitivity coefficient is the desorption reaction H(s) + H(s)→H2 + Pd(s), and the sensitivity coefficient of this reaction to temperature is negative. Therefore, this elementary reaction has a great impact on the reduction in the reaction temperature, and the sensitivity coefficient increases with the increase in the initial inlet temperature of the reactor. For catalytic reactions, the bonding of molecules or atoms with active metal atoms is exothermic, while the breaking of bonds of bound molecules or atoms requires absorbing a large amount of heat, so the sensitivity coefficient of H(s) desorption reaction is negative and increases with the increase in temperature.




3.3.2. Sensitivity Analysis for H2


As H2 is the expected product of methane reforming, it is necessary to analyze the main elementary reactions that affect its formation. Figure 11 shows the sensitivity analysis for H2 generation when the O2/CH4 ratio is 0.4 and the inlet temperatures are 700 K, 800 K, and 900 K, respectively. If the sensitivity coefficient is positive, it indicates that the elementary reaction promotes H2 generation; if the sensitivity coefficient is negative, it indicates that the elementary reaction inhibits H2 generation.



It can be seen from Figure 11 that the desorption reaction R8 (2H(s)→H2 + Pd(s)) has the strongest promotion effect on H2 generation, followed by the stepwise dehydrogenation of CH4 (R25, R27, R29, and R31). In addition, the adsorption reaction of CH4 (R3) also has a significant impact on the generation of H2. R8 has the strongest promotion effect on H2 generation because H(s) is directly dissociated to form H2 leaving the catalyst surface. The stepwise dehydrogenation step of CH4 provides H(s), which is the precursor of H2 formation, and therefore it has a high sensitivity to H2 generation. CH4 forms active molecules through adsorption to carry out the next step of dehydrogenation, so the sensitivity of this elementary reaction is also high.



It can be seen from Figure 11 that the elementary reaction R1 has the highest sensitivity of H2 consumption, because the adsorbed H(s) is easy to react with other active substances, making the reaction proceed in the direction of H2 consumption. R17, R26, R28, R30, R32, and R42 consume H(s), so the sensitivity coefficient is negative.



In addition, we also know from Figure 11 that the sensitivity coefficient varies with temperature. For example, as the temperature increases, the sensitivity coefficient of R8 increases, indicating that a high temperature may be beneficial to the formation of hydrogen.




3.3.3. Sensitivity Analysis for CO


CO is produced in the methane-reforming process at the same time as H2; however, in general, CO is not the desired substance, so it is necessary to carry out the sensitivity analysis of CO. Figure 12 shows the sensitivity analysis for CO generation when the O2/CH4 ratio is 0.4 and the inlet temperatures are 700 K, 800 K, and 900 K, respectively. If the sensitivity coefficient is positive, it indicates that the elementary reaction promotes CO generation; if the sensitivity coefficient is negative, it indicates that the elementary reaction inhibits CO generation.



It can be seen from Figure 12 that the formation of CO is also most sensitive to the adsorption of H2 (R1) and the desorption of H(s) (R8), followed by the adsorption (R6) and desorption (R11) of CO and the continuous dehydrogenation step of CH4 (R13, R25, R26, R27, R28, R29, R30, and R31). This is because both CO and H2 are products of methane steam reforming, and according to the previous analysis, the steam reforming reaction occurring at the oxygen–carbon ratio of 0.4 is very strong. Therefore, the key elementary reaction mentioned in the H2 sensitivity analysis has a similar effect on the generation of CO as H2, which is also in line with the research results of Wei et al. [28]. However, different from the key elementary reactions that affect H2 generation, CO generation is more sensitive to the elementary reactions related to COOH(s), and the sensitivity increases with the increase in temperature. Herrera et al. [29] also pointed out this feature.




3.3.4. Reaction Path Analysis


Figure 13 shows the concentration distribution of each component along the axis when the oxygen-to-carbon ratio is 0.4. It can be seen from the figure that methane reforming is divided into two reaction zones, the first is the methane oxidation zone and the second is the steam reforming zone. It can be seen from the axial concentration distribution diagram that the oxidation reaction mainly takes place in the inlet area of the reactor, and O2 in the inlet air is rapidly consumed. This process is accompanied by an increase in H2O concentration. At x = 0.7 mm, the concentration curve of H2 begins to rise, accompanied by a decrease in H2O concentration. In order to analyze the specific process of methane catalytic reaction in each reaction zone in more detail, reaction path analysis was carried out at the axial distance x = 0.5 mm and x = 10 mm to clarify the intermediate components involved in methane consumption and the specific path of H2 generation.



The methane reforming reaction paths at axial distances x = 0.5 mm and x = 10 mm are shown in Figure 14 and Figure 15 which reflect the specific process of methane consumption and the intermediate components involved. The reaction rate is represented by red arrow, black arrow and blue arrow, respectively. The red arrow indicates the fastest reaction rate, followed by black, and the smallest blue reaction. The elementary reaction with the smallest reaction rate has little effect on the reaction process, so it is not marked in the figure.



Figure 14 shows the intermediate species involved in the methane reforming reaction path at x = 0.5 mm and the reaction rate. It can be seen directly that O2, after dissociation and adsorption, combines with C(s) dissociated by CH4 to form CO(s), then combines with O(s) to form CO2, and H(s) and O(s) generated in the CH4 dehydrogenation step are combined into OH(s). It is then further combined with H(s) to form H2O, which is the oxidation step of CH4 and the fastest rate of the above elementary reaction step. The path diagram shows that there is still a small amount of H(s) combined with each other to generate H2, but the rate is very slow. Very little CO(s) will directly desorption to form CO, and most CO(s) will still proceed in the direction of forming CO2. It can also be seen from the figure that OH(s) and H(s) are the two most critical intermediate species in the reaction process, and the CH4 dehydrogenation step and the formation of H2O both involve these two intermediate species. COOH(s) is an important intermediate species in the water–gas conversion reaction process, which can be formed by the combination of CO(s) and OH(s), but the reaction rate is very slow in the oxidation zone.



Figure 15 shows the reaction path diagram of methane reforming at the axial distance of the reactor x = 10 mm. It can be seen from the diagram that H2O(s) in the oxidation zone is desorbed to form H2O, while in the reforming zone, H2O is adsorbed to form H2O(s), and then two key species OH(s) and H(s) are further formed. After the two H(s) are combined, desorption forms H2 at the fastest rate. OH(s) dissociates into O(s) and H(s), providing the O(s) needed to generate CO(s), O(s) combines with C(s) to form CO(s), and then directly desorbs to CO. The dehydrogenation step of methane still plays an important role, the reaction rate is very fast, and the dissociated H(s) is used to generate H2.



According to the reaction path analysis, the catalytic reforming of methane on palladium catalyst can be divided into two main regions. The first is the oxidation region, in which only the complete oxidation of CH4 occurs and the partial oxidation reaction rate is very small and can be ignored. Then, there is the steam-reforming region, when the O2 is completely consumed, the main steam-reforming reaction occurs, and H2O plays a very important role in this process. In the two reaction regions, the dehydrogenation step of CH4 is the fastest, which is an important elementary reaction step of methane reforming. In the oxidation region, the hydrogen production characteristics of methane reforming on palladium catalyst are different from those of catalysts such as rhodium, and there is almost no partial oxidative reforming under the action of palladium catalyst, so there is no H2 formation in the oxidation region. This conclusion is also consistent with the experimental conclusion of Diehm et al. [30].






4. Conclusions


LNG is a promising alternative fuel for ships; however, engines using LNG can be prone to the problem of methane slip, where unburned fuel is expelled in the exhaust. Methane has a higher greenhouse effect than CO2. In addition, the engines still emit some NOx. Adding H2 can effectively alleviate the above problems. The REGR technology generates H2 from exhaust and fuel to provide H2 for LNG engines. In order to design a REGR reformer, it is necessary to study the methane reforming mechanism. In this paper, based on the background of ship applications, the one-dimensional reactor model in Chemkin software was used to simulate the hydrogen production characteristics of LNG engines under exhaust conditions. The effects of different oxygen–carbon ratios, water–carbon ratios, and the temperature on the hydrogen production characteristics of methane reforming were studied. Sensitivity analysis in Chemkin was used to analyze the formation sensitivity of H2 and CO at different temperatures, and the elementary reactions that have a great influence on the formation of H2 and CO were obtained. The results can be used to design marine LNG engine reformers.



	(1)

	
The results show that methane reforming requires a lean oxygen environment, and the hydrogen production reaction will not occur when the O2 concentration is too high.




	(2)

	
Hydrogen production reaches the maximum when the oxygen–carbon ratio is 0.4, methane conversion reaches 100% when the oxygen–carbon ratio is 0.6, and hydrogen production decreases when the H2O concentration increases. The higher the intake temperature is, the more hydrogen is produced and the higher the methane conversion rate is.




	(3)

	
Through the reaction path analysis, it was concluded that the hydrogen production of methane reforming on palladium catalyst follows an indirect path. That is, only oxidation reaction occurs in the front part of the reactor, and CH4 begins to generate H2 through steam reforming reaction and water gas shift reaction after O2 is completely consumed in the back part of the reactor.
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Figure 1. The concentration distribution of the simulated (Sim.) and experimental (Exp.) values of each component along the axis. 
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Figure 2.  λ  = 1.59, axial reaction characteristic curves of each species along the reactor axis: (a) axial concentration distribution of each component; (b) axial distribution of key species coverage. 
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Figure 3.  λ  = 0.95, axial reaction characteristic curves of each species along the reactor axis: (a) axial concentration distribution of each component; (b) axial distribution of key species coverage. 
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Figure 4. Variation trends of molar fraction of H2 in the outlet and methane conversion under different O2/CH4 ratios. 
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Figure 5. Variation trends of H2/CO ratio and outlet temperature under different O2/CH4 ratios. 
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Figure 6. Hydrogen production rate under different O2/CH4 ratios. 
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Figure 7. Variation trends of molar fraction of H2 in the outlet and methane conversion under different H2O/CH4 ratios. 
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Figure 8. Variation trends of molar fraction of H2/CO ratio and reactor outlet temperature under different H2O/CH4 ratios. 
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Figure 9. Hydrogen production rate under different H2O/CH4 ratios. 
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Figure 10. Temperature sensitivity analysis. 
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Figure 11. Sensitivity analysis for H2 generation. 
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Figure 12. Sensitivity analysis for CO generation. 
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Figure 13. The concentration distribution of each component along the axis when the oxygen-to-carbon ratio is 0.4. 
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Figure 14. Reaction path analysis of methane reforming at x = 0.5 mm. 
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Figure 15. Reaction path analysis of methane reforming at x = 10mm. 
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Table 1. Parameters used of the reactor models.






Table 1. Parameters used of the reactor models.





	Parameters
	Values





	Catalyst
	Pd/Al2O3



	Length of monolith (mm)
	18.5



	Diameter of monolith (mm)
	10



	Wall thickness (mm)
	0.1



	Pd loading (g/L)
	1.06



	Dispersion (%)
	23%



	Surface site density (mol/cm2)
	2.09 × 10−9










 





Table 2. Investigated conditions used for the model validation.






Table 2. Investigated conditions used for the model validation.





	T (K)
	U (m/s)
	CH4 (%)
	O2 (%)
	CO (%)
	CO2 (%)
	H2 (%)
	H2O (%)





	795.8
	0.92
	12.048
	5.100
	0.067
	0.664
	0.050
	1.728










 





Table 3. Comparisons of the experimental and numerical values of the mass fractions of each component at the outlet of the reformer.
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	Species
	CH4 (%)
	O2 (%)
	CO (%)
	H2 (%)
	H2O (%)





	Experimental value
	0.0408
	0
	0.0561
	0.1234
	0.0288



	Numerical value
	0.0441
	0
	0.0508
	0.1210
	0.0271



	Relative error
	8%
	0
	9.4%
	1.9%
	5.9%










 





Table 4. Exhaust data of natural gas engine at 75% load.






Table 4. Exhaust data of natural gas engine at 75% load.





	Species
	CH4
	O2
	CO2
	CO
	N2
	H2O
	NOx





	Mole fraction/%
	0.3981
	9.12
	6.61
	0.0866
	70.4663
	13.21
	0.1090










 





Table 5. Simulated exhaust gas composition of engines under different air fuel ratios.






Table 5. Simulated exhaust gas composition of engines under different air fuel ratios.





	Species
	CH4 (%)
	O2 (%)
	CO2 (%)
	CO (%)
	N2 (%)
	H2O (%)





	 λ  = 0.95
	0.3981
	0.15
	6.61
	0.0866
	79.5164
	13.21



	 λ  = 1.59
	0.3981
	9.12
	6.61
	0.0866
	70.5464
	13.21










 





Table 6. Molar fraction of each gas component at different O2/CH4 ratios.
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	n (O2/CH4)
	CH4
	O2
	H2O
	CO2
	N2





	0.2
	0.313
	0.063
	0.091
	0.045
	0.488



	0.3
	0.233
	0.070
	0.101
	0.051
	0.545



	0.4
	0.186
	0.074
	0.108
	0.054
	0.578



	0.5
	0.154
	0.077
	0.112
	0.056
	0.601



	0.6
	0.132
	0.079
	0.115
	0.057
	0.617



	0.7
	0.115
	0.081
	0.117
	0.058
	0.629



	0.8
	0.102
	0.082
	0.119
	0.059
	0.638



	0.9
	0.092
	0.083
	0.120
	0.060
	0.645



	1
	0.084
	0.084
	0.121
	0.061
	0.65










 





Table 7. Molar fraction of each gas component at different H2O/CH4 ratios.
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	n (H2O/CH4)
	CH4
	O2
	H2O
	CO2
	N2





	0
	0.186
	0.074
	0.108
	0.054
	0.578



	0.25
	0.177
	0.071
	0.147
	0.051
	0.554



	0.5
	0.170
	0.068
	0.183
	0.049
	0.530



	0.75
	0.163
	0.065
	0.217
	0.047
	0.508



	1.00
	0.157
	0.063
	0.247
	0.045
	0.488



	1.25
	0.150
	0.060
	0.276
	0.044
	0.470



	1.50
	0.145
	0.058
	0.302
	0.042
	0.453



	1.75
	0.140
	0.056
	0.326
	0.041
	0.437



	2
	0.135
	0.054
	0.349
	0.039
	0.423
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