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Abstract

:

In order to explore plasma-assisted turbulent mixing in aerospace engines, the dielectric barrier discharge plasma actuation for the turbulent mixing of fuel droplets and oxidant air in a ramjet combustor was studied using computational fluid dynamics. A two-way coupling of turbulent air and discrete droplets was realized by Eulerian–Lagrangian simulation, and the dielectric barrier discharge plasma action on flow was modeled by body force. The results show that the plasma actuation can rearrange the recirculation zone behind the evaporative V-groove flameholder, and the main mechanism of actuation is to increase the local momentum of the fluid; the actuation dimension, actuation intensity, and actuation position of the dielectric barrier discharge plasma have strong effects on the turbulent mixing of fuel droplets and oxidant air; and a relatively optimal turbulent mixing can be achieved by adjusting the actuation parameters.
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1. Introduction


Ramjet engines include subsonic combustion ramjet engines and scramjet engines. For the subsonic combustion ramjet engines, although the flow velocity is lower than that of the scramjet engines, the airflow velocity into the combustion chamber can generally reach a Mach number between 0.2 and 0.3. In order to achieve reliable ignition and stable combustion with high efficiency at higher velocity airflow conditions, various flameholders have been proposed and developed, including a V-groove flameholder, dune standing vortex flameholder, flat-plate flameholder, pneumatic flameholder, and evaporative flameholder, among which the evaporative flameholder has better ignition capacity, wider working range, higher combustion efficiency, and the ability to ignite separately [1]. Due to the above advantages, evaporative flameholders have gained wide application in both turbine and ramjet engines [2,3,4,5,6].



Plasma actuation technology generates plasma by ionizing the gas through a high voltage and frequency power to induce additional flow of fluid and accelerate chemical reactions by applying kinetic, thermal, and chemical actions to the neutral gas through the plasma. According to Li et al. [7], this technology is expected to provide breakthrough technology support for advanced aircraft/engine development based on active flow and combustion control. Due to the superior nature of plasma actuation, with a short response time, wide actuation band, and no moving parts, it is being widely studied by scholars, and the main directions of the research are dielectric barrier discharge (DBD), surface arc discharge, etc. Among them, DBD plasma actuation technology has received extensive attention in simulations [8,9,10,11,12,13,14], experiments [15,16,17,18,19,20,21,22], and mechanism studies [23,24,25,26,27,28,29]. The main working principle of this technology is flow control by inducing additional velocity of the fluid in the actuation region through the momentum effect of plasma actuation.



Recently, Ombrello et al. [30] studied the effect of plasma discharge on the ignition process, ignition delay time, flame propagation velocity, and combustion chamber flow field. Jin et al. [31] developed a two-dimensional mathematical model of the effect of DBD plasma on the atmospheric combustion of methane–air mixtures, which can well predict the adiabatic flame temperature in the combustion chamber. In addition, it was found that plasma can accelerate the diffusion and mixing of reactants, thus reducing the turbulent mixing time. Cui et al. [32] investigated the optimal delay time for the flammability limit at different plasma frequencies and fuel types. It was found that for methane and propane, the optimal delay time for plasma enhancement precedes the flux pulsation when the flame starts to extinguish. The ignition limit of a methane–air flame can be extended from 0.63 to 0.45 at a specific frequency. Huang et al. [33] showed that plasma actuation can promote kerosene atomization, achieve uniform distribution of kerosene, and improve the ignition limit by forming a rotating arc discharge plasma column between the electrodes and the evaporative flameholder fins in a ramjet combustor. Based on their work, it is necessary to explore other plasma actuation technology potential in this kind of combustor. In the present paper, the cold flow field of a kerosene injection combustor with an evaporative V-groove flameholder is used as the basic flow field, and the modulation effect of DBD plasma actuation on the cold flow field of a kerosene injection combustor with an evaporative V-groove flameholder is investigated by introducing plasma actuation of different dimensions, plasma actuation with different intensities, and plasma actuation at different positions.



The remainder of this paper is organized as follows: We first outline the numerical simulation method in Section 2, including the two-phase-flow mathematical model and the DBD mathematical model. To determine whether the DBD mathematical model can provide accurate flow field characteristics, a numerical simulation on flat-plate flow field is performed in this section and the results are verified with the literature. Section 3 gives results on numerical simulation of ramjet combustor and discussions on turbulent mixing of fuel droplets and oxidant air with different plasma actuation parameters. Finally, the conclusions are summarized in Section 4.




2. Numerical Simulation Method


2.1. Mathematical Model of Two-Phase Flow


The focus of this paper is on the plasma actuation for the turbulent mixing of fuel droplets and oxidant air. The numerical simulation contains gas and liquid droplets. The gaseous phase compressible Reynolds-averaged equations are as follows:


    ∂ ρ   ∂ t   +  ∂  ∂  x i    ( ρ  u i  ) = 0  



(1)






   ∂  ∂ t   ( ρ  u i  ) +  ∂  ∂  x j    ( ρ  u i   u j  ) = −   ∂ p   ∂  x i    +  ∂  ∂  x j    ( − ρ    u i ′   u j ′   ¯  ) +  F i  +  ∂  ∂  x j    [ μ (   ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3   δ  i j     ∂  u l    ∂  x l    ) ]  



(2)






   ∂  ∂ t   ( ρ E ) +  ∂  ∂  x i    [  u i  ( ρ E + p ) ] =  ∂  ∂  x j      ( k +    c p   μ t      Pr  t    )   ∂ T   ∂  x j    +  u i    (  τ  i j   )   e f f     +  S h   



(3)






    ∂   ρ  Y s      ∂ t   +   ∂ ( ρ  Y s   u j  )   ∂  x j    =  ∂  ∂  x j      ρ  D s    ∂  Y s    ∂  x j      +   S ˙    Y s    +   ω ˙  s   



(4)




where ρ, t, p, μ, E, k, T, and    c p    denote density, time, pressure, dynamic viscosity, total internal energy, heat transfer coefficient, temperature, and specific heat capacity, respectively. Here,    u i    is the velocity component in three directions (i = 1,2,3);    δ  i j     is the Kronecker function;          τ  i j       e f f     is the strain rate tensor;    F i    is the body force source term in the i direction;    Y s    and    D s    are the mass fraction and diffusion coefficients, respectively, of the s component; the component number s = 1, 2, 3, …,    N s   −1; and    N s    is the total number of components.



The Reynolds stress term in the above gaseous phase compressible Reynolds-averaged equations needs to be closed by a turbulence model, and the standard k–ε turbulence model is used in this paper.



The liquid phase equation is given as follows:


    d  X d    d t   =  U d   



(5)






    d  U d    d t   =    F d     m d    =    f 1     τ d    (  U  s e e n   −  U d  )  



(6)






    d  T d    d t   =   N u   3 Pr      C  p , g      C  p , l        f 2     τ d    (  T  s e e n   −  T d  ) +    L V     C  p , l         m ˙  d     m d     



(7)






    d  m d    d t   =   m ˙  d  = −   S h   3 S c      m d     τ d    I n ( 1 +  B M  )  



(8)




where    X d   ,    U d   ,    U  s e e n    ,    T  s e e n    , and    C  p , g     denote the position vector of the droplet in the flow field, the velocity vector, and the flow velocity, temperature, and specific heat capacity of the gas around the droplet, respectively. Here,   N u  ,   Pr  ,   S c  ,    C  p , l    ,    L V   ,    f 2   , and    B M    are the Nusselt number, Sherwood number, Prandtl number, Schmidt number, liquid-phase-specific heat capacity, latent heat of evaporation of liquid droplets, heat transfer correction factor due to evaporation, and Spalding mass transport coefficient, respectively. In this paper, the KH/RT model is used to calculate the breakdown of kerosene droplets.




2.2. DBD Plasma Actuation Model


A schematic diagram of the structure of DBD plasma actuation is shown in Figure 1. Exposed and covered electrodes were installed above and at the bottom of the insulating media barrier layer, respectively. When the voltage and frequency (amplitude of 5–40 kV and frequency of 1–20 kHz [34]) applied at both ends of the electrode were high enough, the air on the upper surface of the covered electrode was weakly ionized with a large number of charged particles, which were driven by the electric field force and collided with the neutral gas, inducing the gas to flow downstream. The mainstream view on the mechanism of DBD plasma actuation induced flow is the “momentum injection effect.” According to this mechanism, researchers carried out a corresponding simplification study; the simplification method was mainly conducted by decomposing the momentum exchange rate in unit volume of the DBD induced injection flow field into x direction component and y direction component, and adding to the momentum equations through the form of source terms, to simulate the DBD plasma actuation effect.



The phenomenological modeling proposed by Shyy et al. [9] is one of the commonly used modeling methods, with the advantages of fast calculation and accurate results, which were used in this study to simulate the effect of plasma on the modulation of the cold flow field in a kerosene-injected combustion chamber with an evaporative V-groove flameholder. As shown in Figure 1, with the Shyy model, the electric field force is located in a triangular area on the upper surface of the covered electrode and is uniformly linearized. The electric field intensity is greatest near the edge of the exposed electrodes as E0 = U0/d, U0 is the voltage applied between the electrodes, and d = 0.25 mm is the distance between the two electrodes. As the distance away from the O point increases, the electric field intensity gradually decreases. The equation of the electric field intensity is as follows:


    E →   =  E 0  −  n 1  x −  n 2  y  



(9)




where n1 and n2 are constants. These are defined as follows:


   n 1  = (  E 0  −  E b  ) / b  



(10)






   n 1  = (  E 0  −  E b  ) / a  



(11)




where Eb = 30 kV/cm is the breakdown electric field intensity, the height a of the triangular area is 1.5 mm, and the length b is 3 mm. The electric field intensity in the x and y direction components can be expressed as:


   E x  =   E  n 2       n 1    2  +  n 2    2       



(12)






   E y  =   E  n 1       n 1    2  +  n 2    2       



(13)




The body force generated by the DBD plasma actuation in the x and y directions are given as:


   F x  =  E x   ρ c   e c  α δ ϑ Δ t  



(14)






   F y  =  E y   ρ c   e c  α δ ϑ Δ t  



(15)




where ρc (= 1017 m−3) is the charge density, ec (= 1.602 × 10−19) is the meta-charge, α is the charge collision efficiency factor, δ is the Dirac function (located in the triangular region where the body force exists, otherwise it is 0), ϑ is the frequency of the applied voltage, and ∆t is the time of the plasma action in one actuation cycle of a radio frequency AC voltage.




2.3. Numerical Simulation Implementation Method


For the numerical simulation of the combustor, the continuity equation, momentum equation, energy equation, and component transport equation of the gaseous phase were solved simultaneously and implicitly. Next, the turbulence model transport equations were solved implicitly; then, the liquid-phase equations were solved, and the source terms of the gas-phase equations were updated; these steps were repeated until convergence of the flow field was reached. The main transport equation and the turbulence model transport equation were spatially discretized using the second-order upwind scheme. The gradient was calculated using the least-squares method based on grid cells. The Roe flux differential split scheme was adopted for the convection flux.



In the numerical simulation of the plasma actuation of the spray field in the combustor carried out in Section 3, in order to enhance the stability of the numerical simulation of the two-phase flow field, the numerical simulation of the pure airflow in the combustor was carried out first. After obtaining the converged flow field, the liquid kerosene fuel was injected, and the numerical simulation studies on the spray field (without and with plasma actuation) in the combustor were carried out.




2.4. Validation of Numerical Simulation Method


In order to obtain satisfactory plasma actuation, the phenomenological model proposed by Shyy et al. [9] was validated numerically. The computation domain and geometry model are consistent with that study, as shown in Figure 2.



The height of the computational domain was 10 mm, and the distance between the inlet and outlet was 21.5 mm. The flat plate, at a distance of 1 mm from the inlet, constituted the bottom of the computational domain. The exposed electrode, with a length of 0.5 mm and a height of 0.1 mm, was mounted at a distance of 12 mm from the top of the plate. The mesh of the computational domain is shown in Figure 3, and the grid near the electrodes was refined to observe the effect of DBD plasma actuation on the flow field. The number of cells for the plate was 180 thousand. The velocity inlet was used as the inlet boundary condition, and the pressure outlet was used as the outlet boundary condition. The upper wall surface was set as the slip boundary condition, and the lower wall surface had two boundary conditions: the 1 mm length area from the front edge of the plate to the left boundary of the grid was set as the slip boundary condition, and the plate was set as the no-slip boundary condition.



The velocity distributions at four different locations for inlet parameters of 3 kHz, 4 kV, and 5 m/s are provided in Figure 4, and the results are in agreement with the paper by Shyy et al. [9]. It can be seen that the velocity reaches a maximum downstream from the electrode, and the extent to which the velocity exceeds the free flow velocity indicates the intensity of the plasma actuation; and, in general, the velocity structure downstream from the electrode is similar to that of a wall jet. In addition, it can be seen from Figure 5 that the wall shear stress in the presence of the plasma actuation is larger than that without the plasma actuation. The flow velocity gradually decreases to the free flow velocity away from the wall, which explains the reason that the wall shear stress is negative. The wall shear stress profiles at different frequencies and voltages are given in Figure 5a,b, respectively, and it can be seen that the peak value of the corresponding shear stress becomes larger as the voltage and frequency increase. Wall shear stress profiles for different inlet flow velocities (5 m/s and 2 m/s) at the same actuation voltage and frequency are presented in Figure 5c,d, where the shear stress is dimensionless in terms of the corresponding maximum shear stress without plasma actuation. Here, V∞ = 2 m/s achieves a larger peak, indicating that the corresponding effect of the induced generated wall jet increases with decreasing free flow velocity.



The root mean square error (RMSE) was used to assess the distance between the current simulation results and Shyy et al. [9]. RMSE is given as follows:


  R M S E =         ∑  i = 1  n   (  X  p r e s e n t , i   −  X  S h y y , i   )    2   n     



(16)




where X denotes normalized velocity u of Figure 4 and normalized wall shear stress of Figure 5, respectively. Table 1 provides the velocity RMSE of the baseline model at different flow locations; the RMSE at different locations is very small, which implies that the current numerical simulation method is quite reliable. At the same time, the RMSE for shear stresses with different parameters in Table 2 is also very small relative to the normalized wall shear stress results. Overall, the results are in better agreement with those in the paper of Shyy et al. [9]. For the combustor flow field simulation in Section 3, computation results are not compared with experiment results, because there are no turbulent mixing experiment data available for these aerospace combustors.





3. Results and Discussion


3.1. Basic Characteristics of the Spray Field in the Combustor


In the subsonic combustion ramjet combustor, although the incoming Mach number ahead of the holder was less than 0.3, the velocity at the trailing edge of the holder was generally greater than Mach number 0.3 because of the relatively large blockage of the holder, so the flow field was treated as a flow of compressible viscous fluid [1].



The flameholder model is illustrated in Figure 6b, and the local and overall grids of the flow field are shown in Figure 6a,c. The length and width of the combustion chamber were 1487 mm and 140 mm, respectively, and the evaporation tube was located in the center of the combustion chamber. The rest of the flow field grid parameters were similar to those used in Xu [1]. Since the fuel mixing and combustion occurred mainly in the evaporation tube location (purple area) and its wake area (red area), these two parts were refined. To accommodate the complex shape of the flameholder, the computational domain was divided using an unstructured grid. The refining of the regions was beneficial for capturing more flow details. The number of cells in the whole combustion chamber was 0.3 million. The maximum dimensions of the purple, red, and green regions were 0.5 mm, 1 mm and 5 mm, respectively, and the boundary layer of the flameholder wall was also refined. To make the simulation results more general, the working conditions of Huang et al. [33] were used. The inlet Mach number was 0.2, the inlet static pressure was 70 kPa, the inlet static temperature was 357 K, the kerosene injection position was 11 mm upstream of the evaporation tube circle, and the kerosene injection used the upper and lower holes simultaneously to ensure that the kerosene was evenly distributed up and down with the airflow movement into the evaporation tube, which is more consistent with the actual situation. The numerical simulation of the plasma on the spray mist field of the evaporation tube was constant. The air flow field velocity contour, velocity vector, and kerosene droplets distribution in the situation of the equivalent ratio of 0.4 for injection are shown in Figure 7, from which it can be seen that the kerosene droplets are uniformly distributed on the upper and lower sides of the V-groove, and the evaporation tube plays the role of slowing down the kerosene droplets and increasing their evaporation time.




3.2. Plasma Actuation of the Spray Field in the Combustor


This section focuses on the effects of different plasma actuation dimensions, intensities, and positions on the air flow field and kerosene droplet distribution.



3.2.1. Actuation Dimensions


The different actuation dimensions are depicted schematically in Figure 8, where DBD plasma actuation with covered electrode lengths of 20 mm, 10 mm, and 5 mm are evenly arranged on the upper and lower wall inner surface of the V-groove.



We have analyzed the effects of different actuation dimensions on the spray field in the combustor under three different actuation intensities, and the actuation parameters are shown in Table 3.



The effects of different actuation dimensions on the actuation of the spray field are demonstrated in Figure 9, Figure 10 and Figure 11. In Figure 9, it can be seen that the region and velocity of the induced jet increase with the increase in the actuation dimensions at the same actuation intensity. In the case of the inner surface actuation length of 20 mm, the plasma actuation forms a recirculation zone inside the flameholder. Due to the excessive velocity, the kerosene droplets all gather to the midline position of the flameholder, with the result that most of the droplets cannot flow out from the outlet of the evaporation tube and can only flow out from the inlet of the evaporation tube in the reverse direction, which has a harmful impact on stabilizing the flame and improving the combustion efficiency. When the inner surface actuation length is 10 mm, the region affected by the DBD plasma actuation and the induced velocity is significantly reduced. At the same time, kerosene droplets flowing out of the evaporation tube nozzles are entrained by the recirculation zone to the middle position before intersecting at the position downstream of the evaporation tube, and finally, the droplets are propelled out of the flameholder by the recirculation zone. With the inner surface actuation length of 5 mm, the DBD plasma actuation-induced jet can only affect the shape of the recirculation zone after the evaporation tube in a small region. The kerosene droplets do not touch the V-groove fins because of the recirculation zone near the wall, and they flow directly out of the flameholder. Finally, similar results to those in Figure 9 can be observed in Figure 10 and Figure 11. With other plasma actuation conditions being the same, the larger the actuation dimensions, the larger the induced velocity and recirculation zone generated, and ultimately the effect on the flow field is more significant. It is interesting that in Figure 11b a fine mixing is obtained.




3.2.2. Actuation Intensities


In this section, the effects of different actuation intensities on the gas-phase flow field and kerosene droplet distribution for actuation lengths of 20, 10, and 5 mm at the inner surface of the flameholder (the actuation position is shown in Figure 10) are investigated. The actuation parameters for the different intensities are summarized in Table 4 and Table 5.



The spray field of different actuation intensities is shown in Figure 12, whereas the case in Figure 12a has been discussed in Section 3.2.1 and will not be repeated here. As shown in Figure 12a,b, with large actuation intensity, the induced velocity generated by the plasma actuation far exceeds the velocity at the outlet of the evaporation tube, forcing the kerosene droplets to flow out from the evaporation tube inlet instead of the exit, which is not conducive to the evaporation and combustion of kerosene droplets. For operating conditions (c) and (d), it can be seen that the velocity generated by DBD plasma actuation is still slightly on the high side, and the kerosene droplets are gathered in the center of the V-groove by the induced airflow, which accelerates the velocity of the kerosene droplets and reduces the contact time between the kerosene and air. At the same time, the concentration of a large number of droplets in the center leads to a local fuel enrichment, which is unfavorable to ignition. Observing the remaining five working conditions (Figure 12e–i), it can be found that as the actuation intensity gradually decreases, the DBD-induced velocity also gradually decreases, and the airflow returns from the end of the V-groove fin plate to the exit position of the evaporation tube, which is conducive to increasing the heat exchange between high-temperature air and kerosene, increasing the air–fuel ratio and reducing the ignition delay time.



Figure 13 and Figure 14 provide the spray fields for inner surface actuation lengths of 10 mm and 5 mm, respectively (actuation positions are shown in Figure 8), and the actuation parameters for the different intensities are given in Table 5. As illustrated in Figure 13, the DBD plasma actuation induces an increase in the wall jet velocity as the plasma actuation intensity increases. Figure 13a demonstrates that the distribution region of kerosene droplets is greater compared to other operating conditions, and some of the kerosene droplets flow back inside the flameholder, which can increase the contact time between the kerosene droplets and the air, thus further facilitating kerosene ignition and combustion. For the contour of the spray field in the flameholder in Figure 13b,c, it can be seen that the kerosene droplets cannot be uniformly distributed in the rear region of the V-groove due to the increase in the induced velocity caused by the excessive actuation intensity and the formation of kerosene droplet aggregation. The heating effect of high temperature backflow on kerosene droplets is reduced, which is not helpful for the evaporation of kerosene. At the same time, the backflow generated by the actuation induction accelerates the speed of the kerosene droplet outflow, and the contact time with the air becomes shorter, which is not beneficial for ignition and combustion.



As can be seen in Figure 14, the inner surface actuation length of 5 mm has the same trend as the inner surface actuation lengths of 20 mm and 10 mm, and the induced velocity generated by the DBD plasma actuation increases with the increase in the actuation voltage. However, the excellent effect of plasma actuation in Figure 14a is not obvious due to the small actuation dimension. In addition, the kerosene droplets in Figure 14b appear on the inner side of the V-groove fin plate under the action of the induced jet, which is beneficial for the contact between the kerosene and the air and the improvement of the efficiency of kerosene evaporation and combustion. For working condition (c), the induced velocity is too large, resulting in the kerosene droplets failing to reach the V-groove fin plate wall surface under the action of the induced jet. In addition, the kerosene droplets are propelled away from the flameholder by the plasma induced jet, which is not conducive to ignition and combustion.




3.2.3. Actuation Positions


This section examines the effects of different DBD plasma actuation positions on the spray field, and it compares and analyzes the gas-phase flow field and kerosene droplet distribution at different actuation positions.



For the plasma actuation with an inner surface actuation length of 10 mm, two different positions are arranged on the inner surface of the V-groove fin plate (actuation parameters are shown in Table 6), as presented in Figure 15.



The contours of the kerosene droplet and gaseous flow field at different actuation locations for an inner surface actuation length of 10 mm are provided in Figure 16. It can be seen that the actuation at position P1 in Figure 16a makes the kerosene droplets extensively return to cover the whole flameholder, which is conducive to the sufficient contact between the kerosene droplets and the high temperature gas, which is beneficial for the evaporation and combustion of the droplets. As for the actuation at position P2 in Figure 16b, the useful effect of the actuation is less on the spray field, because the induced recirculation region has less interaction with the kerosene droplets.



For the plasma actuation with the inner surface actuation length of 5 mm, four different positions are arranged on the inner wall of the V-groove fin plate (actuation parameters are provided in Table 7), as shown in Figure 17.



The contours of the spray field at different actuation locations for an inner surface actuation length of 5 mm are provided in Figure 18. It is worth noting that the effect of different positions of the DBD plasma actuation (with 5 mm inner surface actuation length) on the gaseous flow field and kerosene droplets is not significant, which is mainly due to the actuation dimensions being too small, resulting in the velocity of the induced jet and the area of influence not being large.



In the above study on DBD plasma actuation dimension, intensity, and position effects on the spray field in the subsonic ramjet combustor, it can be found that to obtain a better actuation effect, the velocity of the flow induced by the DBD plasma actuation must be close to the velocity of the flow out of the evaporation tube, and the position of the induced jet must coincide with the position of the kerosene spray reaching the inner surface of the V-groove fin plate. The relative optimal parameters are an inner surface actuation length of 10 mm at position P1, a voltage of 5 kV, and a frequency of 14 kHz. The overall contour of the flow field is shown in Figure 16a and the local flow field is shown in Figure 19.



It is observed in Figure 19a that kerosene droplets are fully distributed in the V-groove near the vertical walls when plasma actuation is applied. The kerosene droplets stay in the V-groove for a long time and are in contact with the high-temperature gas for a long time, which is convenient for the evaporation and combustion of kerosene. In Figure 19b, the wall jet velocity generated by the plasma actuation is about −40 m/s. Since the actuation position is at P1, and the actuation dimension is not too large, the influence of the induced jet on the flow is smaller near the vertical wall of the V-groove, and the same conclusion can be drawn from the fact that the velocity in the y-direction in this region is close to 0 m/s in Figure 19c. In Figure 19d, the recirculation region—under the joint action of the actuation-induced wall jet, the vertical wall inlet jet, and the evaporation tube outlet jet—is once again demonstrated by velocity vector as is shown in Figure 19b,c. The low-temperature region in Figure 19f indicates the denser region of kerosene droplets, and the kerosene droplets with actuation also flow to the upper right after exiting the evaporation tube under the effect of the recirculation region, but the angle is smaller compared to the one with non-actuation, which is beneficial for the better distribution of kerosene droplets. In all, a relatively optimal turbulent mixing of fuel droplets and oxidant air is achieved using the above-mentioned set of DBD plasma actuation parameters.






4. Conclusions


Herein, a DBD plasma actuation study was conducted for the turbulent mixing of fuel droplets and oxidant air in a subsonic combustion ramjet combustor, and the conclusions are as follows:




	(1)

	
Comparing the cases with and without plasma actuation, it can be observed that DBD plasma actuation has a significant effect on the spray field because DBD plasma actuation causes a significant change in the velocity near the inner wall surface of the evaporative V-groove flameholder fin plate, which in turn causes an important change in the recirculation regions inside the flameholder and causes a prominent change in the turbulent mixing of fuel droplets and oxidant air.




	(2)

	
DBD plasma actuation dimension, intensity, and position all affect the air flow and droplet movement in the evaporative V-groove flameholder. When the actuation dimension decreases, the effect is reduced; when the actuation intensity increases, the effect is an increase; and when the actuation position changes, the air flow and droplet movement vary accordingly.




	(3)

	
By adjusting the DBD plasma actuation parameters, relatively optimal turbulent mixing of fuel droplets and oxidant air can be achieved.
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Figure 1. Schematic diagram of DBD plasma actuation structure. 
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Figure 2. Schematic diagram of calculation domain. 
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Figure 3. Computational grid. 
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Figure 4. Velocity profiles at four different locations. 
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Figure 5. Effects of different parameters on wall shear stress at ST4. (a) Frequency, (b) voltage, (c) inlet velocity with 5 m/s, (d) inlet velocity with 2 m/s. 
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Figure 6. Flameholder structure and grid: (a) whole grid of combustor, (b) flameholder structure, (c) local grid of flameholder. 
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Figure 7. The basic characteristics of the spray field. 
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Figure 8. Different actuation dimensions (only the upper wall of the V-groove is shown). 
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Figure 9. Spray field at different actuation dimensions: (a) 20 mm, (b) 10 mm, (c) 5 mm with 85 kV and 14 kHz. 
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Figure 10. Spray field at different actuation dimensions: (a) 20 mm, (b) 10 mm, (c) 5 mm with 45 kV and 14 kHz. 
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Figure 11. Spray field at different actuation dimensions: (a) 20 mm, (b) 10 mm, (c) 5 mm with 5 kV and 14 kHz. 
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Figure 12. Spray field under different actuation intensities with 20 mm actuation length on inner surface: (a) 85kV, 14kHz, (b) 85kV, 9kHz, (c) 85kV, 5kHz, (d) 45kV, 14kHz, (e) 45kV, 9kHz, (f) 45kV, 5kHz, (g) 5kV, 14kHz, (h) 5kV, 9kHz, (i) 5kV, 5kHz. 
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Figure 13. Spray field under different actuation intensities with 10 mm actuation length on inner surface: (a) 5kV, 14kHz, (b) 45kV, 14kHz, (c) 85kV, 14kHz. 
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Figure 14. Spray field under different actuation intensities with 5 mm actuation length on inner surface: (a) 5kV, 14kHz, (b) 45kV, 14kHz, (c) 85kV, 14kHz. 
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Figure 15. Schematic diagram of different actuation positions with 10 mm actuation length on inner surface (upper part). 
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Figure 16. Spray field under different actuation positions with 10 mm actuation length on inner surface: (a) P1 position, (b) P2 position. 
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Figure 17. Schematic diagram of different actuation positions with 5 mm actuation length on inner surface (upper part). 
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Figure 18. Spray field under different actuation positions with 5 mm actuation length on inner surface: (a) P1 position, (b) P2 position, (c) P3 position, (d) P4 position. 
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Figure 19. Comparison under non-actuation and actuation. (a) Kerosene droplet distribution; (b) X direction velocity; (c) Y direction velocity; (d) magnitude velocity; (e) temperature contour. 
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Table 1. The RMSE of velocity profiles at four different locations.
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	Location
	ST1
	ST2
	ST3
	ST4





	RMSE
	0.0101
	0.0097
	0.0254
	0.0567
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Table 2. RMSE of normalized wall shear stress with different parameters.
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Frequency

	
RMSE

	
Voltage

	
RMSE

	
V∞ = 5 m/s

	
RMSE

	
V∞ = 2 m/s

	
RMSE






	
0 kHz

	
0.0491

	
0 kV

	
0.0491

	
No DBD

	
0.0104

	
No DBD

	
0.0654




	
2 kHz

	
1.0853




	
3 kHz

	
1.5048

	
3 kV

	
1.6115

	
DBD

	
1.2720

	
DBD

	
4.4923




	
4 kHz

	
1.6202

	
4 kV

	
1.3871




	
6 kHz

	
2.5094

	
5 kV

	
0.6133











[image: Table] 





Table 3. Different actuation dimensions.
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Actuation Intensity

	
Actuation Dimensions on Inner Surface




	
Length 1

	
Length 2

	
Length 3




	
(mm)

	
(mm)

	
(mm)






	
85 kV, 14 kHz

	
20

	
10

	
5




	
45 kV, 14 kHz

	
20

	
10

	
5




	
5 kV, 14 kHz

	
20

	
10

	
5
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Table 4. Different actuation intensities with 20 mm actuation length on inner surface.
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	Work Conditions
	Voltage (kV)
	Frequency (kHz)





	a
	85
	14



	b
	85
	9



	c
	85
	5



	d
	45
	14



	e
	45
	9



	f
	45
	5



	g
	5
	14



	h
	5
	9



	i
	5
	5
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Table 5. Different actuation intensities with 10 mm and 5 mm actuation lengths on inner surface.
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	Work Conditions
	Voltage (kV)
	Frequency (kHz)





	a
	5
	14



	b
	45
	14



	c
	85
	14
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Table 6. Parameters of different actuation positions with 10 mm actuation length on inner surface.
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	Positions
	Voltage (kV)
	Frequency (kHz)





	P1
	5
	14



	P2
	5
	14
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Table 7. Parameters of different actuation positions with 5 mm actuation length on inner surface.
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	Positions
	Voltage (kV)
	Frequency (kHz)





	P1
	5
	14



	P2
	5
	14



	P3
	5
	14



	P4
	5
	14
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