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Abstract: In order to obtain the combustion characteristics of the CH4/Air premixed flame under the action of the wall interaction, a study on the impact of the jet flame on the wall at different separation distances was carried out. The separation distance from the burner outlet to the lower surface of the wall is changed and the flame structure is obtained through experiments. The temperature, velocity and reaction rate are obtained through numerical simulation, and the law of flame characteristics change is obtained through analysis. The results show that as the separation distance increases, the premixing cone inside the flame gradually changes from a horn shape to a complete cone shape and the length of the premixing cone profile increases. Also, the peak temperature and velocity of the mixture in the axial direction gradually increase, and the temperature and velocity in the radial direction first increase and then decrease. The temperature gradient and velocity reach the maximum when the separation distance is 11 mm. The peaks of reactants (CH4) net reaction rate intermediate products (CO) and products (CO2, H2O) on the axis and the axial distance corresponding to the peaks increase accordingly. The chemical reaction rate near the wall also gradually decreases with the increase of the separation distance.
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1  Introduction

Flame-wall interaction (FWI) is a two-way coupling process between the flame and the solid wall. In most practical applications, such as internal combustion engines and gas turbines, combustion occurs in closed containers. Quantitative measurements of FWI processes in practical combustion systems, such as engines, are very challenging because of the limited access available for optical diagnostic methods, small length scales in boundary layers due to elevated pressures, and less controlled or even unknown inflow and boundary conditions. To overcome these restrictions, generic experiments were developed to benchmark the relevant physical and chemical properties of FWI at laboratory scale [1]. Typical working conditions are adiabatic flame temperatures up to 2500 K and wall temperatures below 1000 K. The wall will cause the flame to be greatly affected by gas dynamics, thermodynamics and reaction kinetics, and easily cause heat loss and wall quenching, resulting in incomplete combustion and increased hydrocarbon emissions, such as CO [2,3]. Meanwhile, the local thermal stress on the wall under the action of heat flow will cause the wall material to fatigue and fail, reducing the reliability of the burner [4]. The development of modern combustion devices is toward higher power density: in this case, flame-wall interaction becomes more important. Therefore, a comprehensive understanding of the flame-wall interaction is of great significance for the design of combustion chambers of internal combustion engines, gas turbines and rocket engines [5–9].

The jet flame impacting the wall model is a typical flame-wall interaction model, which is widely used in industrial heating and melting, material processing, safety research and aerospace [10–13]. Owston et al. [14] observed higher heat release rate (HRR) at the wall during quenching. This was attributed to the low temperature chemistry which becomes dominant at the cold wall. Hindasageri et al. [15] applied inverse heat conduction (IHCP) technology to obtain the heat flux distribution of the methane/air premixed flame impinging on a flat plate. The height of the dimensionless flame premix cone alone determines the Nusselt number and effectiveness. Ray et al. [16] studied the heat transfer characteristics of a laminar methane/air flame impinging on a cylindrical surface. The results show that, compared with the flat plate, a higher heat flux can be generated on the surface of a cylinder in the stagnation zone, while it is opposite in the wall jet region. Jarray et al. [17] used computational fluid dynamics to simulate the heat transfer process of the methane-air premixed flame impinging on the composite plate, and found that the increase in Reynolds number promotes the total heat transfer between the plate and the flame. Tuttle et al. [18,19] studied the flame structure and stability when a methane/air premixed flame hits the wall. The heat flux sensor, calorimeter and reverse heat transfer technology are used to directly measure the heat flux of the flame on the target plate. Dabireau et al. [20] analyzed different types of hydrogen/oxygen flame-wall interactions. The results show that the wall heat flux caused by the premixed flame just before quenching is higher than that of the diffusion flame.

The flame-wall interaction is currently one of the main mechanisms of unburned hydrocarbon emissions. It is important to study the heat transfer characteristics under the action of the wall and the chemical reactions near the wall to improve combustion efficiency and suppress pollutant emissions [21–23]. Dong et al. [24] conducted an experimental study on the FWI characteristics of an anti-diffusion jet flame (IDF) when it hits the wall. The effects of the distance between the dimensionless nozzle and the wall (H/da) and the jet outlet diameter (da) on the static pressure of the wall and the heat flux in the wall impact area were compared. The results show that when the maximum stagnation pressure on the wall is a bell-shaped curve, the distribution curve of the heat flux presents different shapes under different H/da. Zhen et al. [25] studied the CO and NOx pollutants produced when swirling and non-swirling inverse diffusion flames (IDF) hit the wall. The results show that, due to more air entrainment around, the concentration of CO and NOx after the swirling flame hits the wall is lower than the corresponding pollutant concentration in the non-swirl flame. Dalvi et al. [26] compared the heat transfer characteristics of the isothermal gas jets and the reacting flame jets. It revealed that the rate of heat transfer from the flame jet to a targeted solid surface depends on the structure of the flame, convective and radiative properties of the constituent gas species of the flame and the temperature of the gas within the boundary layer in vicinity of the plate. The current research on the flame-wall interaction mostly focuses on the effect of flame on the wall, while the research of the flame on the wall is relatively few. And the research on the change of heat transfer characteristics and the chemical reaction near the wall is not enough.

This paper mainly discusses the influence of different separation distance on the combustion characteristics of CH4/air premixed flame. Taking the distance from the burner exit to the lower surface of the wall as the separation distance of the wall, the changes in the flame structure of the CH4/Air premixed jet at different separation distances are studied through experiments. Furthermore, the effects of different separation distances on the temperature, velocity and reaction rate of the airflow are studied by numerical simulation.

2  Experimental and Numerical Simulation Methods

2.1 Experimental Device and Method

Fig. 1 is a schematic diagram of the experimental setup for premixed jet flame wall interaction. Fig. 2 is a schematic diagram of the flame wall interaction.
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Figure 1: Schematic diagram of experimental setup
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Figure 2: Schematic diagram of flame-wall interaction

Methane (purity of 99.99%) and air flow out of the gas tank and air compressor respectively. The output pressure and equivalence ratio are controlled by the pressure reducing valve and the mass flow meter respectively. The model of the mass flow meter is DSN-MFC 600 CD, the measurement accuracy is ±1%, and the response time is less than 1s. The methane and air enter the premixing chamber through the three-way pipe and are fully mixed. A tempering valve is fixed in front of the premixing combustion chamber to prevent backfire. The premixed gas is ignited at the outlet of the circular tube jet burner. The material of the round tube burner is 304 stainless steel, its inner diameter is 6 mm, and the wall thickness is 0.5 mm. Sodium silicate high temperature glue is used for adhesion and sealing between the burner and the base. The circular tube jet flame impinges on a square 304 stainless steel wall with a thickness of 3 mm and a length and width of 100 mm. A water cooling device is installed above the wall to keep the wall temperature at 299 K–305 K, and the height of the wall is controlled by an adjustable bracket. A K-type thermocouple is fixed at the inlet and outlet of the water cooling device to measure the temperature of the inlet and outlet.

A thermocouple is used to measure the temperature on the center line of the lower surface of the wall. The wall is symmetrical about the axis. Therefore, 9 points are distributed on each side of the wall and placed at an interval of 2 mm. The temperature of each thermocouple is measured five times, and the average temperature is taken to reduce the influence of voltage output fluctuation. The diameter of the K-type thermocouple is 0.5 mm, the measurement temperature range is –40°C~400°C, and the measurement error is ±0.3%. A camera is used to record the flame shape and flame length, and a CH filter is installed in front of the camera lens to capture the CH distribution of the flame. The camera model is PENTAX K-50, and the effective pixels are 16.28 million. During shooting, the aperture value is set at F5.6 and the sensitivity is set at ISO1600. The center wavelength of the CH filter is 430 nm, the bandwidth is 30 nm, and the cut-off depth is od2-od3. In the post-processing step, the center of the jet burner outlet end face is taken as the reference point, and the position of the tip of the premixed cone in the picture is read and recorded. The position with the most frequent occurrence in multiple photos is the effective value, and the effective value is recorded as the height value of the premixed cone.

The coordinate system in the experiment is defined as follows: take the center point (stagnation point) of the lower surface of the wall as the origin; Z is the axial distance on the symmetrical axis from the stagnation point to the burner outlet; R is the radial distance, and the direction points to the edge of the wall along the stagnation point. The flame starts from the outlet from bottom to top, forming two layers of flame. The inner layer is a rich premixed flame, which is a luminous area with strong chemical reaction, called the premixed cone. When the CO and H2 produced by combustion meet the surrounding air, a diffusion flame is formed in the outer layer of the premixed cone, which is called the diffusion cone. The height of the premixing cone is 
Lf
, the vertical distance from the stagnation point of the wall to the apex of the premixing cone is 
δf
, the inner diameter of the burner is D, and the vertical distance from the plane where the jet burner exits to the lower surface of the stainless steel wall is H (referred to as separation distance), as shown in Fig. 3.
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Figure 3: Schematic diagram of jet flame impacting metal wall

2.2 Numerical Simulation Method

In order to further study the influence of the wall on the premixed flame structure and combustion characteristics, a two-dimensional numerical calculation model of the methane/air premixed combustion process under the action of the wall was established, as shown in Fig. 4. The geometric model is symmetric about the wall axis. In order to reduce the computational cost, 1/2 of the model is selected for simulation.
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Figure 4: Physical structures of jet flame and wall interaction

To ensure that the grid division has no effect on the solution result, the grid independence verification is carried out before the numerical calculation. A structured grid and equivalence ratio of 1.0, Reynolds number of 550, separation distance of H = 3D (H = 18 mm), and axis temperature are used for the grid independence study. For this model, local mesh refinement is performed in the jet flame region (0 mm ≤ y ≤ 4 mm; 0 mm ≤ x ≤ 18 mm) and near the wall (17 mm ≤ x ≤ 18 mm), as shown in Fig. 5. Using the GAMBIT software, the model is divided into four different grid densities: 14756, 23086, 44911, 100889. Among them, when the number of grids is 44911, the temperature profile is the closest to 100889, and the result of the grid number of 14756 is quite different from other results, as shown in Fig. 6. Therefore, considering the accuracy and the efficiency of the numerical calculation, the model with grid number of 44911 is used to carry out the rest of the simulations in this research.

[image: images]

Figure 5: Mesh distribution corresponding to the model at D = 6 mm and H = 3D
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Figure 6: Temperature distribution on the axis of symmetry (D = 6 mm, H = 3D, Φ = 1.0, Re = 550)

The fluent software is used for the simulation. The laminar finite rate model, Reynolds number of 550, methane/air premixed gas, equivalence ratio of 1 and 0.1 MPa atmospheric pressure are selected for the simulation. The boundary condition of the jet inlet is set as velocity inlet and the inlet temperature is set as 300 K. Moreover, the outlet boundary condition is set as pressure outlet, and the water wall temperature is set at 300 K. The SIMPLE solving algorithm was chosen for the pressure - velocity coupling. This paper uses the methane/air gas phase reaction mechanism proposed by Titova et al. [27] in the numerical simulation calculations. The mechanism includes 26 gas components and 108 reversible elementary reactions.

The reaction process of methane and air premixed flame combustion and the gas flow should follow the laws of conservation of energy, conservation of mass, and conservation of momentum [28].

The definition of equivalence ratio in this paper is as follows:


ϕ=(A/F)stoic(A/F)actual
(1)

where (A/F)stoic is the chemical equivalent air-fuel ratio and (A/F)actual is the actual air-fuel ratio.

The Reynolds number of methane/air mixture jet outlet is defined as follows [29]:


Re=vexitDρmixμmix
(2)


ρmix=∑iρiYi
(3)


μmix=∑iμiXiMi∑iXiMi
(4)

where, 
vexit
is the velocity of the mixture at the burner outlet, D is the inner diameter of the burner, 
ρmix
is the density of the mixture, 
μmix
is the dynamic viscosity of the mixture, Y is the mass fraction, X is the mole fraction, and M is the relative molecular mass.

2.3 Experimental Verification of the Model

In order to verify the accuracy of the simulation model, the numerical simulation results are compared with the experimental results. Three separation distances (H = 6 mm, 11 mm, 18 mm) were selected for experimental verification. Among them, H = 6 mm, 11 mm and 18 mm correspond to three cases of Lf (premixed cone height) < H (separation distance), Lf = H and Lf > H, respectively. Fig. 7 shows the temperature distribution on the center line of the lower surface of the wall. Under the three separation distances, the experimental and simulated values in the area near the center of the wall (when the radial distance is less than 5 mm) are almost consistent. However, far away from the center (when the radial distance is greater than 10 mm), the simulated temperature begins to be higher than the experimental temperature. The maximum errors for H = 6 mm, 11 mm and 18 mm are 2.33%, 3.03% and 2.24%, respectively, which indicates that the simulated curves are in good agreement with the experimental ones. The reason for the lower temperature measured far away from the stagnation point of the wall in the experiment is that the wall is far away from the flame, which absorbs less heat and dissipates more heat. Especially at the edge of the wall, the heat dissipation area increases and the heat dissipation effect of air on the wall is enhanced, which is not considered in the simulation.
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Figure 7: Comparison of temperature distribution on the center line of the lower surface of the wall with different separation distance H (Φ = 1.0, Re = 550)

In order to further verify the accuracy of the simulation results, the distribution of CH radical [30] is compared, as shown in Fig. 8. In order to clearly differentiate the circular tube combustion chamber from the flame, the outline of the combustion chamber is drawn with a black wire frame. It can be seen from the experimental pictures that when the separation distance h is 18 mm, the distribution of CH presents a conical structure with a length of 10.8 mm. The position of CH tip obtained in the simulation is 11 mm, with an error of 1.85% from the experimental value, and the shape is also conical. Therefore, in combining the error in the temperature distribution on the center line of the lower surface of the wall, the calculation model used can be considered reliable.
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Figure 8: Comparison of CH concentration distribution zone in the experimental data and numerical data (a) Experimental shooting of CH pictures (b) The distribution of CH mass score obtained by simulation

3  Results and Discussion

3.1 The Transformation of Flame Shape at Different Separation Distances

In analyzing the effect of different separation distances on the flame shape, the equivalent ratio is maintained at 1.0 and the Reynolds number is 550. Fig. 9a shows the flame shape at different separation distances. In the experiment, H values of 6 mm, 9 mm, 11 mm, 15 mm, 18 mm and 24 mm are selected as the six positions of the wall gradually away from the burner outlet, including the wall under the premixed cone tip (H < Lf), the wall near the premixed cone tip (H ≈ Lf) and the wall gradually away from the premixed cone (H > Lf).

It can be seen from Fig. 9a that as the separation distance increases, the premixed cone and diffusion cone gradually turn to a complete shape from trumpet shape [31]. In the locally enlarged flame picture, the dashed white line represents the outer diffusion cone of the flame, and the red outline represents the premixing cone inside the flame. When the separation distance is 6 mm, the separation distance is much smaller than the complete premixing cone height (H < Lf) under this working condition, causing the flame to be “cut off” by the wall. The unburned combustion premixed gas directly impacts the wall flame, causing the flame to extend radially along the wall, forming a circular flame parallel to the wall. A cooling center core is produced in the central area [32], which weakens the degree of flame burning in the central area of the wall. When the separation distance is increased to 9 mm, the cooling center core range is reduced. When the separation distance is 11 mm, the cooling center core disappears, which is the critical point for the premixing cone to transform from a trumpet shape to a complete cone shape. The separation distance is approximately equal to the height of the premix cone (H ≈ Lf), and the tip of the premix cone is closest to the center point of the lower surface of the wall. When the separation distance increases from 11 mm to 24 mm, the trumpet shaped diffusion cone gradually shrinks and approaches the complete shape, as shown by the white dotted line. As the separation distance gradually increases, the color of the diffusion flame gradually becomes lighter. The reason is that after the separation distance increases, the wall is farther from the flame, and the amount of ambient air entrained into the combustion zone increases. When the CO and H2 produced by the combustion encounter a large amount of surrounding air, the concentration is diluted and the intensity of combustion is weakened, resulting in a lighter color of the diffusion cone. Fig. 9b shows the distribution of CH at different separation distances. When the separation distance is small, due to the effect of the wall, the heat loss generated by the flame increases and the amount of air entrained into the combustion zone is less, and the flame burns insufficiently, resulting in the formation of more CH and C2 free radicals [29]. When the separation distance is 6 mm, the outline of CH is the brightest, especially near the wall, indicating that more CH radicals are formed here.
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Figure 9: Flame shape and CH distribution at different separation distances (a) Flame shape under different separation distances (b) CH distribution under different separation distances

It can be seen from Fig. 9 that as the separation distance increases, the height of the premix cone also increases. Especially when the separation distance increases from 6 mm to 11 mm, the increase is larger. Fig. 10 is an increase curve of the height of the premix cone when the separation distance increases from 11 mm to 24 mm. The height of the premix cone increases from 10.5 mm to 11 mm, and the increase is gradually flat. The reason is that when the separation distance is low (6 mm < H < 11 mm), the premixed cone will deform seriously under the action of the wall. When the separation distance is large (11 mm < H < 24 mm), the influence of the wall surface on the length of the premixed cone is small, and the premixed cone can always keep a complete cone.
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Figure 10: Length of premixed cone at different separation distances

3.2 Gas Temperature and Flow Velocity at Different Separation Distances

In this section, the temperature and velocity distribution along the axis and the radial direction with Z = 0.05 mm near the wall are simulated when the equivalence ratio is 1.0, the Reynolds number is 550, and the separation distance h is 6 mm, 9 mm, 11 mm, 15 mm, 18 mm and 24 mm. In order to more intuitively show the temperature distribution in the axial and radial directions under the action of the wall, the isothermal distribution cloud map when the tip of the premixing cone is closest to the wall at H = 11 mm is selected, as shown in Fig. 11.
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Figure 11: Isothermal distribution cloud map with separation distance H = 11 mm

Fig. 12 shows the temperature and velocity distribution profiles on the symmetry axis at different separation distances. Figs. 12a and 12b are the cases where the separation distance H is 6 mm and 9 mm respectively, the speed and temperature peaks on the symmetry axis are the smallest. As the axial distance increases, the speed on the symmetry axis decreases monotonously and drops to 0 m/s at the wall. The temperature on the symmetry axis is maintained at 300 K as the axial distance increases, which is the same as the temperature of the unburned mixture. This is because the separation distance is less than the height of the premix cone, and the temperature on the symmetry axis is the temperature of the unburned mixture [33–36]. When the separation distance H increases to 11 mm, as shown in Fig. 12c, the cooling center core disappears, and the premixing cone presents a complete cone. The peaks of temperature and velocity on the symmetry axis all appear near 10.58 mm in the axial distance, and then rapidly decrease. Unlike the temperature curve, the velocity curve drops slightly before reaching the premixing cone. This is because the wall surface is close to the tip of the premixing cone, which has a greater impact on the mixture. Under the action of the wall, the pressure near the premixed cone tip increases, and the increase of pressure will lead to the decrease of kinetic energy. Therefore, the velocity value of the mixed gas on the symmetry axis decreases slightly below the tip of the premix cone. Due to the violent chemical reaction in the premixing cone area, the temperature rise reaches its peak. The peak velocity is due to the high temperature of the combustion products in this area, which causes the density to decrease and the axial velocity to increase [33]. When the separation distance is further increased to 15 mm and 18 mm, as shown in Figs. 12d and 12e, the changes in these two cases are similar. Although the wall surface is far away from the tip of the premix cone when the separation distance is 15 mm and 18 mm, the peak temperature of the mixed gas on the symmetry axis is higher than the corresponding temperature peak when the separation distance is 11 mm. This is because when the distance between the premixed cone tip and the wall is small [37], the heat loss increases, which leads to a decrease in temperature. Moreover, because the wall is far away from the premixed cone, the space for secondary reaction in the outer diffusion zone is increased. The heat released by the reaction leads to the temperature on the center line increasing sharply. Fig. 13 also fully illustrates that when the tip of the premixing cone is closer to the wall, the greater the contact area, the greater the wall heat loss. When the separation distance is 6 mm, the contact area between the flame and the wall is the largest, and the wall heat loss is also greater. As the separation distance increases, the contact area of the flame on the wall becomes smaller and the distance becomes larger, resulting in less and less heat loss on the wall. When the separation distance increases to 24 mm, the velocity on the symmetry axis reaches the peak at the axial distance of 11 mm and then decreases rapidly. There is a small secondary increase in the axial distance of 13 mm to 16 mm. This is because the wall is far away from the tip of the premixed cone. After passing through the internal reaction zone, there is still enough space between the combustion products and the wall surface and the flow velocity can be developed again, resulting in secondary acceleration.
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Figure 12: Temperature (solid line) and velocity (dotted line) distribution of mixture on the axis under different separation distances (a) separation distance of 6 mm (b) separation distance of 9 mm (c) separation distance of 11 mm (d) separation distance of 15 mm (E) separation distance of 18 mm (f) separation distance of 24 mm
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Figure 13: Wall heat loss under different separation distances

Fig. 14 shows the temperature and velocity distribution in the radial direction near the wall (Z = 0.05 mm) at the six separation distances above. It can be seen from the figure that as the separation distance increases; both the peak temperature and velocity both increase first and then decrease. When the separation distance is 11 mm, the maximum temperature peak is 585 K, which occurs at a radial distance of 0 mm. At this time, the distance between the wall and the tip of the premix cone is the closest, so the temperature peak near the wall is the largest. When the separation distance h is less than 11 mm (H = 6 mm and 9 mm), the flame cannot fully extend due to the small separation distance. A cooling center core is formed at the center of the wall, and the mixture directly impacts the wall without reaction, resulting in lower temperature near the wall. As the separation distance increases, the cooling center core gradually decreases and the temperature gradually increases. The peak value of the temperature gradually approaches the center point of the wall. When the separation distance H is greater than 11 mm, the temperature peak value decreases as the separation distance increases. This is because after the wall gradually moves away from the premix cone, only the high-temperature mixed gas after combustion touches the wall (especially when the wall is far away (H = 18 mm and 24 mm)), the mixed gas is diluted and cooled by the ambient air. As a result, the temperature peak near the wall gradually decreases. In addition, when the separation distance H is 18 mm and 24 mm, the corresponding temperature peaks are 383.5 K and 375.2 K, respectively. In both cases, the temperature peak occurs far away from the stagnation point. The reason is that the mixed gas has accelerated flow in the jet area near the wall (5 mm < radial distance < 12 mm), as shown in Fig. 14b. When the separation distance H > 10 mm, the temperature near the wall first increases and then decreases. With the increase of the radial distance, the velocity near the wall will change at a certain radial distance. The change of velocity strongly affects the heat transfer of the wall and thus the temperature near the wall [33]. In the figure, when the separation distance is 18 mm and 24 mm, the speed gradually increases in the range of 5 mm to 12 mm in the radial distance, and finally rises to the peak at a radial distance of 12 mm.
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Figure 14: Temperature and velocity distribution in the radial direction near the wall (Z = 0.05 mm) at different separation distances (a) Temperature in radial direction near wall (b) Radial velocity near wall

3.3 Reaction Rates of Key Components at Different Separation Distances

This section compares the reaction rates of key components on the symmetry axis based on the six different separation distances above. From the reactants, intermediate products to products, a detailed analysis is carried out to understand the 
CH4→CO→CO2
transformation process.

Fig. 13 shows the change in the CH4 net reaction rate on the symmetry axis under different separation distances. The net reaction rate refers to the difference between the generated reaction rate and the consumed reaction rate under the same gas phase composition. It can be seen from the figure that when the separation distance is low (H = 6 mm and 9 mm), the net reaction rate of CH4 on the symmetry axis is always maintained at 0. It shows that there is no chemical reaction of the mixture in the axial direction, and the reactants are not consumed. Because the height of the tip of the premixing cone at this time is greater than the height of the wall surface, the premixed fuel does not chemically react in the axial direction, but directly impacts the wall surface, forming a cooling center core on the wall surface. At this time, the wall temperature on the axis is the same as the temperature of the premixed fuel, as shown in Figs. 12a and 12b. When the separation distance increased to 11 mm, the net reaction rate at the axial distance of 10.45 mm decreased rapidly to the maximum value of 42.56 kg/m3/s. This indicates that a violent chemical reaction has taken place here, and methane is consumed rapidly. When the separation distance is 11mm, the tip of the premix cone is closest to the wall at this time, and the tip of the flame is the area where a strong chemical reaction occurs. The axial distance of 10.45 mm is where the tip of the premixing cone is located. At this time, CH4 reacts violently with oxygen, and the temperature suddenly rises, as shown in Fig. 12c. CH4 is quickly consumed, so the net reaction rate of CH4 is reduced to a maximum. When the separation distance increased from 11 mm to 24 mm, the distribution of methane net reaction rate curve was similar to that of H = 11 mm. However, when the separation distances were 15 mm, 18 mm and 24 mm, the maximum net reaction rates occurred at the axial distances of 10.59 mm, 10.71 mm and 10.73 mm, respectively. Because the axial distance at which the maximum rate occurs at this time corresponds to the height of the premixing cone of the flame, the change of the premixing cone height when the separation distance is 15 mm, 18 mm, and 24 mm is shown in Fig. 10. In addition, when the separation distance is 11 mm, the maximum net consumption rate of CH4 is the smallest, which indicates that the methane involved in the reaction at the tip of the premixing cone is reduced. Because the tip of the premix cone is closest to the wall at this time, the heat loss increases, the combustion intensity decreases, and the reaction rate decreases as well. When the separation distance increases from 11 mm to 24 mm, the heat loss on the water wall reduces and the maximum net CH4 consumption rate increases as the distance between the premix cone tip and the wall. When the separation distance increases from 11 mm to 24 mm, the distance between the tip of the premixing cone and the wall surface gradually increases, and the wall heat loss gradually decreases, as shown in Fig. 13. Moreover, there is a gradual increase in the axial temperature, as shown in Figs. 12c, 12d and 12e.
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Figure 15: Effect of different separation distances on the net reaction rate of CH4 on the symmetry axis

Fig. 16 shows the profile of net CO reaction rate along the symmetry axis under different separation distances. The net reaction rate of CH4, corresponding to the net reaction rate of CO is 0 kg/m3/s when the separation distance is small (H = 6 mm and 9 mm). Because the height of the tip of the premix cone is greater than the height of the wall surface at this time, in the axial direction, the premixed fuel directly impacts the wall surface and no chemical reaction occurs, so there is no CO emission. When the separation distance is greater than the height of premixed cone, the maximum net formation rate (positive value) and maximum net consumption rate (negative value) appear in the net reaction rate of CO. The peak value of the maximum net CO production rate and the peak value of CH4 consumption in Fig. 15 are almost the same. However, before the end of CH4 combustion, the maximum net consumption rate of CO reaches the maximum value, which indicates that the generated CO begins to be consumed rapidly. When the separation distance increases from 11 mm to 24 mm, the maximum net reaction rate of CO increases and the corresponding axial distance increases gradually, which is consistent with the maximum net consumption rate of CH4. When the separation distance is 11 mm, the maximum net reaction rate of CH4 is small, resulting in the decrease of CO concentration. As a result, the concentration of CO involved in the oxidation reaction decreases and the maximum net consumption rate of CO is small. Accordingly, the concentration of CO2 and H2O decreases after the reduction of CO involved in the oxidation reaction. When the separation distance is 11 mm, the maximum net formation rate of CO2 and H2O is the minimum, as shown in Figs. 17a and 17b.
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Figure 16: Effect of different separation distances on the net reaction rate of CO on the axis
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Figure 17: The effect of different separation distances on the net reaction rate of CO2 and H2O on the symmetry axis (a) Distribution of net CO2 reaction rate on the axis (b) Distribution of net H2O reaction rate on the axis

3.4 Chemical Reaction Process Near the Wall

During the flame-wall interaction process, important chemical reactions occur near the wall, including the oxidation/decomposition reaction of CH4/CH3 (R57, R92), the decomposition reaction of HCHO (R50, R52) and CO formation/oxidation reaction (R20, R31, R34). Fig. 18 is a comparison diagram of the reaction rates of the above seven elemental reactions at the near – wall surface Z = 0.05 mm, and the separation distance H is 9 mm, 11 mm, and 18 mm.

It can be seen from the figure that as the separation distance increases, the reaction rates of the seven elementary elements gradually decrease. When H = 9 mm, the reaction rates of these seven elementary reactions are the highest. This indicates that when the separation distance is less than the height of premixed cone, the concentration of reactants near the wall is larger than that of other separation distances. It can be seen from Fig. 18 that when the separation distance is 9 mm, the peak points of the seven reaction rates all occur at a radial distance of 2.8 mm. When the separation distance increases to 11 mm, the tip of the premixing cone is closest to the stagnation point of the wall center. The mixture quickly comes into contact with the stagnation point of the wall after the reaction at the tip of the premixing cone is completed. Therefore, the chemical reaction is strongest at the center of the wall, and the peak of the reaction rate occurs at the stagnation point. As the radial distance increases, the reaction rate decreases rapidly. When the separation distance increases to 18 mm, the distance between the premixing cone and the wall is farther. Before reaching the wall, the premixed gas has already reacted violently at the tip of the premixing cone, consuming a large amount of methane, resulting in fewer reactants near the wall. Therefore, when the separation distance is far, the reaction near the wall is weakened. The reaction rate is low, almost close to 0 kgmol/m3/s. The peak position is also far from the stagnation point, occurring at a radial distance of 8 mm.

In addition, it can be seen from Fig. 18a that the rate of CH4 oxidation reaction (R92) near the wall at H = 9 mm is greater than that of CH3 decomposition reaction (R57). However, when H = 11 mm and 18 mm, the rate of CH3 decomposition reaction (R57) is greater than that of CH4 oxidation reaction (R92). This is because when the separation distance is greater than the premix cone (H = 11 mm and 18 mm), CH4 has already undergone a strong chemical reaction at the tip of the premix cone before reaching the wall, and CH3 is generated. Therefore, when the CH4 concentration near the wall is reduced, the CH3 concentration is higher, and the separation distance is smaller than the tip of the premixing cone. The chemical reaction mainly starts near the wall. It can be seen from Fig. 18c that the rate of CO oxidation (R20) at the three separation distances is higher than the rate of CO generation (R31, R34), which indicates that more CO2 is generated near the wall. Moreover, the rate of CO generation/oxidation reaction at H = 9 mm is significantly higher than the reaction rate at H = 11 mm and 18 mm.

[image: images]

Figure 18: Main elementary reaction rates at different separation distances near the wall (a) CH4/CH3 oxidation/decomposition reaction (b) HCHO decomposition reaction (c) CO formation/oxidation reaction

4  Conclusion

This paper analyzes the combustion characteristics of CH4/Air premixed jet flames at different separation distances. The effect of different separation distances on the flame shape of the premixed jet is mainly studied experimentally. And through the simulation method, the temperature and velocity distribution of the mixture at different separation distances, the reaction rate of key components, and the chemical reaction process near the wall are studied. The main conclusions are as follows:

(1) As the separation distance increases, the flame shape gradually becomes more complete from the trumpet shape. The height of the premix cone gradually increases, and then decreases gradually. When the separation distance is less than the height of the premix cone, a central cooling area parallel to the wall (cooling central core) will be formed. As the separation distance increases, the cooling center core range gradually decreases until the separation distance is greater than the height of the premix cone and disappears. The concentration of CH gradually increases as the separation distance decreases, and it is the highest when the separation distance is 6 mm.

(2) As the separation distance increases, the temperature and velocity peaks on the axis will increase gradually. In the radial direction of Z = 0.05 mm near the wall, as the separation distance increases, the peak values of temperature and velocity of mixture first increase and then decrease. When the separation distance is 11 mm, the radial mixing temperature peak, velocity and temperature gradient are the largest.

(3) When the separation distance is less than the height of premixed cone, there is no reaction on the axis. When the separation distance is larger than the height of premixed cone, the peak value of net reaction rate and the corresponding axial distances of reactant (CH4), intermediate (CO) and product (CO2/H2O) on the axis increase gradually with the increase of the separation distance and then decreases. And when the separation distance is 11 mm, the net reaction rate of CH4 and CO is the smallest.

(4) The chemical reaction rate near the wall is related to the height of the premix cone and the separation distance. When the separation distance H = 9 mm, the chemical reaction near the wall is the maximum, and the peak point of the reaction rate occurs at the radial distance R = 2.8 mm. As the separation distance increases, the reaction rate gradually decreases, and the peak point of the reaction rate first moves to the stagnation point, and then moves in the radially increasing direction. And when H = 11 mm and 18 mm, because CH4 undergoes a violent chemical reaction at the tip of the premixing cone and generates CH3, the rate of the decomposition reaction of CH3 (R57) is greater than that of the oxidation reaction of CH4 (R92).
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