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Abstract

:

This work performs an analysis of plasma-assisted non-premixed H2-air flames in Y-shaped micro combustors in the presence of field emission dielectric barrier discharge (FE-DBD) plasma actuators. The combustion, flow, and heat transfer characteristics are numerically investigated, and the effect of sinusoidal plasma discharges on combustion performance is examined at various equivalence ratios (φ). A coupled plasma and chemical kinetic model is implemented, using a zero-dimensional model based on the solution of the Boltzmann equation and the ZDPlasKin toolbox to compute net charges and radical generation rates. The estimated body forces, radical production rates, and power densities in the plasma regions are then coupled with hydrogen combustion in the microchannel. Plasma-assisted combustion reveals improvements in flame length and maximum gas temperature. The results demonstrate that FE-DBDs can enhance mixing and complete the combustion of unreacted fuel, preventing flame extinction. It is shown that even in cases of radical and thermal quenching, these plasma actuators are essential for stabilizing the flame.
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1. Introduction


Micro combustion systems offer several advantages over traditional combustion systems, including a high power density, high efficiency, and low emissions. However, the small scale of these systems can also present challenges in terms of flame stability and extinction [1,2,3]. Conventional batteries are the most widely used energy source in electronic instrumentation today. However, the low energy density, limited-service life, and difficulty in sourcing and disposal of raw materials are problems to overcome [4,5,6]. The solution may come through micro combustion systems. In recent years, flame dynamics have been rigorously studied and flame-extinguishing mechanisms have been better understood. Hydrocarbon combustion remains a very common source of energy in the 21st century around the world [7]. They are usable in battery-powered systems where microgeneration of energy is required due to extremely high-power density and very short reactivation cycles, such as micro and picosatellites and remotely piloted aircraft systems (RPAS) [8,9,10]. It’s recalled that hydrocarbon combustion energy density is two orders of magnitude higher than batteries [7]. Studies are conducted primarily on alternative, clean fuels to de-carbonize our power sources such as biofuels, natural gas, ammonia, and hydrogen [11,12,13]. In previous studies, micro combustion is considered if the combustor physical length scale is below 1 mm [14]. Otherwise, it is called mesoscale combustion. At micro scales, the surface-to-volume ratio is high and surface effects have a large impact on flame behavior [15]. There are some major issues to solve. Microscale power generation faces technological challenges. Power is unsteady due to flame instability leading to structural problems. In addition, many micro combustors have incomplete combustion, producing dangerous flammable exhaust gases, causing flame extinction or flame temperature to decrease or even die out completely [16]. Studies have examined the role of geometry mixture and velocity in micro combustion [15]. Lee et al. studied the effects of interaction between non-premixed flames on the enlargement of blowout velocity with different nozzles [17]. The wall thickness is also important because the thinner it is, the more it reduces heat flow in the axial direction. Greater thicknesses increase conductivity [15,17]. A solution to these problems can be offered by plasma-assisted combustion, in particular, FE-DBD (Field Emission Dielectric Barrier Discharge) actuators [18]. Plasma is a high-energy state of matter, characterized by the dissociation between electrons and atomic nuclei [19]. The presence of free electrons makes substances in the plasma state good conductors of electricity, even when in other states this is not true, as in the case of air. To reach the plasma state, it is necessary to bring gas to a very high temperature, but it is possible to achieve the state transition also through other methods. One of these is to apply an intense electric field to a gas, at much lower temperatures, exploiting the phenomenon of electric field-induced ionization [20]. Two electrodes can be connected to a high voltage alternating current (AC) power supply, nanosecond pulsed (NS), or direct current (DC) power supply system [21,22,23]. Plasma also makes ignition available at lower flow rates, thanks to radicals and power densities added to the system [24,25]. DBD actuators in the offset configuration have an electrode buried within a dielectric and another electrode exposed to the fluid in an asymmetrical arrangement [26]. This configuration generates a longitudinal force in the direction from the buried to the exposed electrode. The characteristics that determine the performance of the actuators are a function of the electromagnetic variables as well as the thickness and the material of the dielectric, operating pressure, and temperature [27,28]. Among the earliest work in the literature to control fluids by plasma, it was conducted by Roth et al. [29,30] demonstrating its potential applications. Finally, ionization transforms the chemical composition by generating radicals such as atomic oxygen and hydroxyl groups, which are capable of sustaining combustion reactions. It is possible to modify the flow with the use of the FE-DBD thanks to the electrohydrodynamic force (EHD) by transferring the momentum from the ionized particles of the plasma to the neutral particles of the fluid. Thrust vector control combines electromagnetic control and MHD to realize active flow control. The collisions caused by ionization increase the temperature of the fluid. Some applications are intended to improve aerodynamic performances in boundary layers and separation control [31,32].



FE-DBD actuators have been considered for application to the micro-scale since the typical gap of a few microns reduces the breakdown voltage required for plasma-induced decomposition, as shown by both experiments and theory [9,27]. Consequently, they require low power input to produce stronger momentum, heat addition, and chemistry effects. In FE-DBD actuators, the electrode gap is measured in microns. This distance allows the breakdown limit to be exceeded at a potential on the order of 102 V instead of kV [33].



Research in recent years intends to find applications for plasma-assisted combustion in ignition systems, such as gas turbine engines, gasoline engines, and hypersonic engines [34,35]. In particular, the studies analyze ignition, combustion acceleration and lean combustion oxyfuel plasma-assisted combustion (PAC) in Computational Fluid Dynamics (CFD) combustion simulations [36]. In low Reynolds number flows, the flame shape can be greatly altered by the forces generated by the actuators. Tang et al. performed an analysis on the combustion of methane propane and hydrogen showing that the hydrogen flame at the same equivalence ratio had a more stable flame [37]. An AC barrier dielectric discharge has been used to flatten a hydrogen flame in crossflow as proved numerically and experimentally. With plasma, the flame temperature is lower and more extensive, due to the additional mixing and generation of radicals in the plasma region. Hydrogen may be one ideal fuel due to its fast diffusion, but its potential danger of flashback restricts its application. The effects of interaction between non-premixed flames on the enlargement of blowout velocity with different nozzles are reported by Lee et al. [38]. Nakamura et al. performed an analysis of interactions in micro flames and stressed the importance of the premixing degree of fuel and air [39].



Trying to build a model for PAC with sufficient fidelity to predict its efficacy is not an easy task: plasma effects are a multidisciplinary problem and on different time scales [40]. Electron cross-section data are often missing or incomplete. In our work hydrogen combustion understanding in presence of plasma actuation is still far from being fully understood. Among recent efforts to outline an FE-DBD model, Tholeti developed an atmospheric pressure DBD actuator model demonstrating the feasibility of experimentally and microchannel combustion modeling [27]. A planar offset electrode concept was proposed and then enhanced by Shivkumar et al. [28]. Flow control and plasma-assisted combustion were analyzed using the CFD continuum approach in a T shape chamber H2/O2 combustion. The actuator body force and power density actuator were computed by performing PIC/MCC simulations. In the literature, a significant amount of research has been conducted on plasma-assisted combustion at the macroscale, while the investigation of its application to microcombustion, specifically with hydrogen, remains highly restricted. Consequently, a comprehensive study on the chemistry effects coupled with the momentum and joule effect was not considered in the literature. In the context of modeling plasma effects in combustion, kinetic modeling of the plasma is often neglected, and only thermal effects are considered. This choice is frequently dictated by computational limitations related to simulation costs. However, this simplification can compromise the accuracy of predictions on the system behavior, especially in the presence of coupled effects between the plasma and the chemical reaction. So, a two-step plasma-assisted combustion (PAC) simulation modeling is provided in this work splitting PAC simulation. In the first step, a sinusoidal discharge was applied and analyzed through a chemistry zero-dimensional modeling based on the solution of the Boltzmann equation [41]. We used FE-DBD actuators with a potential amplitude of 162.5 V and a frequency of 1 GHz. In this work, the toolbox ZDPlasKin has been used, coupled with the Bolsig+ solver. The predicted mixture compositions, as well as the body forces and power by Shivkumar et al. [28] were then used in the 3D-CFD steady-state simulations of a laminar, reactive microflow. These simulations are based on a continuum Navier–Stokes approach. The flame area, temperature, and concentration of reactants and combustion products in the micro combustor have been analyzed. An extended investigation of the impact of the FE-DBD plasma actuation on the performance of the micro-combustor has been conducted.




2. Test Case


2.1. Micro-Combustor Geometry


The model geometry consists of two inlet channels—one for hydrogen and the other for dry air—and a Y-shaped combustion chamber with a 90° angle and a length of 200 mm (Figure 1). This configuration and channel length were previously reported by Xiang et al. [42]. The walls of the combustion chamber are made of quartz with a thickness of 1 mm. The pressure is maintained at 1 atm and the inlet temperature is 300 K. The cross-section of the ducts is rectangular, with an area of 3.14 mm2 (Figure 1).




2.2. Plasma Actuator Configuration


Figure 2 shows a schematic view of a DBD actuator, with one electrode embedded under a dielectric layer and the other exposed to the gas. The DBD plasma actuator geometry used in the present calculations is based on the configuration reported by [28]. The dielectric and electrode thicknesses are 4 µm and 1 µm, respectively (Table 1). The electrode has a length of 100 µm and a width equal to the width of the conductive layer. The dielectric is made of silicon nitride and has a thickness of 4 µm. The voltage input is sinusoidal, with a peak-to-peak voltage of 325 V and a DC bias of 162.5 V.



Mackay et al. [43] studied various designs for actuator positions and body force directions in a Y-shaped combustor geometry. Based on that work, the pump configuration is used to stabilize the flame because it increases the fluid velocity to compensate for potential viscous losses in the channel, with a longitudinal component of the plasma momentum contribution. Plasma discharges enhance and augment the flames by generating radicals that accelerate the chemical kinetics, body forces that improve fuel/air mixing, and heat generation through Joule heating. An array of nine field emission dielectric barrier discharge (FE-DBD) actuators is positioned in parallel rows on the +y and −y walls in the mixing zone at the entrance of the combustion chamber, with the actuated region extending from x = 0 to x = 5 mm along the x direction (Figure 3). The distance between two adjacent actuators on the same wall is 50 µm. The electrode system, which consists of nine pairs at the entrance of the combustion chamber in the mixing zone, is designed such that the coordinate x = 0 is at the inlet of the combustion chamber, just downstream of the Y-shaped inlet ducts.





3. Numerical Model


A coupled plasma and chemical kinetic model has been implemented, with the modeling process consisting of several steps as shown in Figure 4. The characteristic time for plasma dynamics is on the order of 10−7 s, while the ignition process is on the order of 10−3 s. Therefore, the plasma kinetic modeling has been performed using a zero-dimensional approach based on the solution of the Boltzmann equation. The ZDPlasKin toolbox has been used, along with the Bolsig+ solver, to compute reaction processes and radical generation rates. The estimated body forces, radical production rates, and power densities in the plasma regions are then coupled with hydrogen combustion modeling using a CFD code.



3.1. CFD Modeling


The equations of continuity, momentum, energy, and conservation of chemical species in the fluid have been discretized using a second-order upwind scheme in the CFD code Fluent 22.0 [44]. The Knudsen number is below 0.01, based on the characteristic length of the microcombustor (microchannel diameter, 0.002 m) and atmospheric conditions, which makes the Navier–Stokes approach appropriate. A segregated solution solver with a sub-relaxation method was used to solve the conservation equations. The SIMPLE pressure-velocity coupling scheme was used, and the pressure spatial discretization was second order. All gradients were calculated using the least squares cell-based scheme. The second-order upwind scheme was applied for momentum, turbulent kinetic energy, turbulent dissipation rate, species, and energy. Results were considered converged when residuals were lower than 10−3, except for continuity. Temperature and combustion product mass fractions were monitored to check simulation convergence and residuals. A three-dimensional steady model was employed, using the Navier–Stokes equations with some assumptions. Viscous forces and gravity were not considered. The basic governing equations of heat and mass transfer are given as follows [45]:


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



(1)






    ∂   ρ  u j      ∂ t   +   ∂   ρ  u i   u j  −  τ  i j       ∂  x i    =   ∂ p   ∂  x j    +  F  p l a s m a    



(2)






    ∂   ρ h     ∂ t   +   ∂   ρ  u i  h     ∂  x i    =   ∂   λ ∂  T f      ∂ t   −   ∑  j     ∂    h j   J j      ∂  x i    +   ∑  j    h j   R j  +  P  p l a s m a    



(3)






    ∂    ρ s   c s   T s      ∂ t   +   ∂  λ s    ∂  x i    (    ∂  T s    ∂  x i     ) = 0  



(4)






    ∂   ρ  Y i      ∂ t   +   ρ  u i   Y i    ∂  x i    =   ∂  J i    ∂  x i    −  R i   



(5)







Defining p pressure,  ρ  gas density, u is the velocity,    τ  i j     is the stress tensor, h is total enthalpy, Ji is the diffusion flux of species i, T is the temperature, Rj is the net rate of production of species j by chemical reaction, Yi is the mass fraction of species i,  λ  thermal conductivity.    F  p l a s m a     and      P  p l a s m a     are plasma effects added in actuators plasma region.



Shivkumar’s work computations [28] proved a fluid time average momentum    F  p l a s m a     of 1.09 × 106 N·m−3 and average power density (   P  p l a s m a    ) of 1.8 × 109 W/m−3 power density in the plasma region [28]. The power input actuator consumes an input power of 2.97 × 102 W m−2 [28]. Equation (6) is applied to determine the effect of convection and radiation on the heat losses    Q  l o s s     [45]:


   Q  l o s s   =  h 0  A      T w  −  T 0    + ε σ A      T w 4  −  T 0 4     



(6)




where ε is the wall emissivity, σ is the Stephen-Boltzmann constant, Tw and A are the temperature and surface area of the wall, respectively.



P1 model defines radiation heat losses. An incompressible ideal gas assumption was adopted. Cp is calculated from mixing law. Mass diffusivity is defined by kinetic theory [46]. The hydrogen/air combustion chemistry is comprised of 11 species and 26 reactions [47], and the interactivity of the turbulence and chemistry was computed by using the Eddy Dissipation Concept (EDC) model since one-step reaction mechanisms cannot reproduce global flame characteristics.




3.2. Plasma Discharge Modeling


ZDPlasKin is a zero-dimensional plasma kinetic solver and two-temperature model tool that uses the Boltzmann Bolsig+ equation solver to solve for the electron density function and the DVODE 90 solver to provide the chemical differential equation solution [41]. The N2-H2-O2 mixture model includes neutral, metastable, and charged species, with electron cross-section data and impact reactions retrieved from the LXCat website using Phelps and Pancheshnyi databases [48]. The scheme is an extension of the N2-O2 mixture scheme, incorporating mixed reactions of N2-H2 and H2-O2 [49,50,51]. The initial electron number density is set to 1010 m−3 for a mixture of air and H2 (2.0 H2 + O2 + 3.76 N2) at atmospheric conditions. Calculations are performed with a constant time step of     10   − 12     s. A model mechanism has been developed including nitrogen, hydrogen, and oxygen species, with the main species listed in Table 2.



Kinetics modeling is solved by the following equations [41]:


    d    N i      dt   −   ∑   j = 1    j  m a x      Q  i j    t  = 0  



(7)






  A + b B = cC + dD  



(8)






   k j     A   a     B   b  =  R j   



(9)






   Q A  = − a R ,    Q B  = − b R ,    Q C  = − c R ,  Q D  = − d R  



(10)






     N  g a s     γ − 1     d  T  g a s     dt   =   ∑   j = 1    j  m a x     δ ε    R  j      P  e l a s t     [  N e  ] +  Q  s r c    



(11)




where Ni is considered the density of the species, Qij species production rate, Rj is the reaction rate for reaction j, A, B, and C are the species participating in the reactions, a, b, and c are the stoichiometric coefficients.



The plasma is assumed to be uniform during ignition, as confirmed by iCCD imaging that calculates electron-ion recombination reactions, excitation and de-excitation, attachment, and detachment of electrons and neutral species [52]. The gap air potential is calculated at each time step using the output of Orlov’s lumped electrical equivalent circuit model, as shown in Figure 5 [53]. The reduced electric field in the model is estimated based on the potential feeding, device geometry, and electric/dielectric materials (Equations (12)–(14)). A capacitor and resistor in parallel are used to describe the fluid, in addition to a capacitor for the dielectric layer [53].


   C a  =    ε 0     ε a    h   z    L p     



(12)






   C d  =    ε 0     ε d     h d    z    L d     



(13)






  R =      ρ a     L p    h   z    



(14)







   ε 0    is the vacuum permittivity equal to   8.854   ×     10   − 12     F / m  ,    ε a    is the medium relative permittivity (assumed equal to 1), and    ρ a    is the effective resistivity taken equal to 2.3 ×     10  6    Ω·m, h z and L are geometric parameters. An applied sinusoidal potential is equal to:


   ϕ a   t  =  ϕ  a m p l i t u d e     s i n     2   π   ω   t   +  ϕ  b i a s    



(15)







Consequently, the discharge potential Δϕ is introduced at each time step by applying Kirchoff’s law [49]. At the end, it’s defined as the reduced electric field,    E N    as [49]:


   E N  =     Δ ϕ   h      N  n e u t r a l   s p e c i e s        



(16)




where      N  n e u t r a l   s p e c i e s     is the number density of all neutral species,   Δ ϕ   is potential difference and h is the plasma height assumed equal to 5 ×     10   − 4     m. At each time step reaction rate and products particles densities have been calculated.




3.3. Computational Domain and Boundary Conditions


Hydrogen and air were injected into two separate channels with constant velocity profiles (Table 3) and a temperature of 300 K. The equivalence ratio, defined as the ratio of hydrogen to air, was set to 0.5 and 0.8.



A pressure-outlet boundary condition of 101,325 Pa was set at the outlet, and no-slip conditions were applied to wall boundaries. Combustion simulations were performed at different equivalent fuel/air ratios, with heat transfer to the surroundings accounted for by adopting mixed thermal conditions on the walls of the microcombustor (internal and external emissivity of 0.8 and 0.75, respectively, and a heat transfer coefficient of 20 W/m2K). The specific heat capacity of quartz glass is 750 J/kg-K and its thermal conductivity is 1.05 W/m-K. A constant free stream temperature of 300 K and wall thickness of 1 mm was used. To simulate the use of a butane torch for ignition in experiments [49], we applied a patch of 2000 K in the last 20 mm of the combustor channel for 5 s. The computational domain has the origin of the coordinate system at the geometric center of the inlet section of the combustion chamber. The x-axis is the longitudinal axis, with a positive direction towards the outlet in the XY symmetry plane. Since the phenomenon is symmetrical with respect to the z-axis, the geometry is halved and a symmetry boundary condition is applied. In the Z direction, three cells were defined due to the symmetric field and low gradient in this direction. The mesh is composed of hexahedral cells, except in the confluence zone where prismatic cells are used (Figure 6). In addition, the mesh is further refined in the plasma regions. The three channels in the experimental design have a diameter of 2 mm, but in the present work, a constant rectangular channel section was used with the same area due to the planar electrode system attached to the wall for plasma-assisted combustion and to maintain the same flow rates [42].



The plasma effects are coupled to the flow in the microchannel through momentum and energy source terms, as described by Tholeti et al. [27]. The concentration of species produced by the plasma discharges, as obtained from ZDPlasKin simulations, is set in the area close to the plasma actuators. The body force and power density values estimated by Shivumkar et al. [28] and listed in Table 4 are used in the plasma zones. The rectangular cross-section is 200 × 50 µm in the XY plane and extends across the width of the combustion chamber wall (0.785 mm, taking into account the symmetry boundary condition) [28].



Hydrogen Combustion Validation


For φ lower than 0.5, neither numerical simulations nor experiments show the presence of a flame in the combustion chamber. When the fuel-to-air ratio (φ) is greater than 0.5, a stationary flame forms in the mixing zone. To ensure the accuracy and efficiency of the modeling, a study was conducted to identify the optimal mesh structure by testing three different mesh resolutions of 189 k cells, 237 k cells, and 400 k cells. The simulation of hydrogen/air combustion at inlet velocities of 4.28 m/s for air and 1.28 m/s for hydrogen, which corresponds to an equivalence ratio of 1, was used in this study. The predicted centerline temperature distributions, as shown in Figure 7, demonstrate that the centerline wall temperature profile of the mesh structure with 189 k elements differs slightly from the others in the inlet area of the combustor. However, overall, the three temperature profiles show good agreement. The maximum temperature predicted in the domain was similar for all mesh resolutions, with a maximum 1.2% variation from the coarsest mesh structure, as indicated in Table 5 and Figure 7. Therefore, a mesh structure of 189 k elements was chosen for the present study based on these results.



OH mass fraction and flame emission distribution were found in the inlet intersection for equivalence ratios ranging from 0.6 to 1.4.



In addition, the numerical prediction of the flame length was compared with the experiments conducted by Xiang et al. [42]. To compare the numerical chemical flame length with the experimental visible flame length, a method must be chosen to define the numerical chemical flame length. The chemical flame length is generally wider than the visible flame length, but there are differences between the measured OH fluorescence intensity and the actual OH mole fraction. Moreover, the light intensity field and distances may not always be available, as in this case, but the average position of the stationary luminous flame edges can still be determined. Many of the issues discussed above and in other literature proposals cannot easily be included in a computational flame length methodology, making the quantitative assessment of the measured intensity field difficult [54]. In this work, a good correlation was found between the experimental and predicted flame lengths for reactions that emitted heat greater than 1 W/m3, temperature greater than 2000 K, and OH mass fraction greater than 0.001. As shown in Figure 8, the flame is always located in the mixing zone as detected experimentally. It is also displaced towards the oxygen inlet, as evidenced by the temperature, heat, and OH mass fraction distribution.



There is a good agreement between the experimental and predicted flame lengths, as shown in Figure 9.






4. Results


4.1. Plasma Discharge Kinetic Results


ZDPlasKin tool was used to solve chemical reactions. A stationary solution was reached at a time of 10−6 s. Figure 10 shows the estimated reduced electric field EN, which exhibits a sinusoidal behavior with a maximum of around 400 Td. The same figure also shows the temporal evolution of the concentration of the main species (OH, HO2, H, H2O) produced by the plasma discharges. The H atoms formed by H2 dissociation initiate the fuel oxidation process by producing HO2. Most of the HO2 is then converted to OH, and finally, OH reacts with H2 to produce H2O, the final product. The particle density values reached at the steady state for the species are converted into mass fractions and used to define the species concentrations in the plasma regions of the actuators for use in the CFD simulations. The final values are shown in Table 6.



4.1.1. PAC for φ = 0.5


The flame behavior under the plasma effect has been compared to the case without actuation (clean case, W/O PAC): temperature and species distributions were studied for mean mixture velocities at the inlet of the combustion chamber of 1 m/s, 2 m/s, and 6 m/s, using two different equivalence ratios. For φ equal to 0.5, the W/O PAC steady-state simulations did not produce any combustion, as was also observed in experimental data. In the area of the plasma discharges, both an EHD force and Joule heating acted on the flow, resulting in the acceleration and heating of the air flowing into the plasma region.



Figure 11 illustrates the path lines of combustion with and without the use of PAC at a velocity of 1 m/s. The plasma discharges generate heat and momentum that accelerate the fluid near the plasma actuators, leading to improved mixing in the channel and a speed of 11 m/s in section b. An upward suction effect can be observed upstream of the actuators. The flow encounters the surface of the plasma actuators near the exposed electrode edge and then moves downstream along the dielectric surface, in accordance with [43,55].



Plasma actuation was able to sustain a stable flame under all tested conditions thanks to the heat and initial chemical radicals. Thus comparing to the results obtained from the investigation realized by Mackay, it is evident in the same way the stabilization of flame in lower fuel concentration mixtures [55].



At an inlet velocity of 1 m/s, the concentration of reactants in the microcombustor is low, leading to a decrease in the heat released by combustion. At this velocity, the combustion reaction zone is closer to the inlet, resulting in a significant heat loss during the flame’s downstream transfer. This can be seen in Figure 12, where the peak temperature is low. The flame originates from the electrode zones and moves toward the midline. In section b, the maximum temperature reaches 1777 K, but due to heat loss through the walls, the temperature decreases to 1168 K in section c and 725 K in section d.



As the inlet velocity of the hydrogen and air mixture increases, the concentration of the reactants gradually increases as well. This results in an increase in the heat released during the combustion reaction, leading to a corresponding increase in the temperature in the reaction zone. Figure 13 illustrates that the maximum temperature value increases with an increase in the mixture inlet velocity. Furthermore, as the inlet velocity increases, the high-temperature region of the combustion reaction expands and moves from the mixing zone toward the outlet of the microcombustor. The contours of the OH mass fraction, shown in Figure 14, give us insight into the flame area and its formation, as the heat released during the reaction and the highest temperature is closely correlated with the OH mass fraction. In the case of plasma-assisted combustion, the OH mass fraction can be found in both the flame area and the area of plasma discharges near the electrodes. The increase in inlet velocity also affects the formation of OH* due to an improvement in combustion efficiency.




4.1.2. Plasma-Assisted Combustion for φ = 0.8


In the case of an equivalence ratio of 0.8, steady-state flames were compared with and without plasma assistance. Plasma assistance was found to improve flame ignition and efficiency in both lean and rich mixtures. A comparison of temperature fields at low speeds was conducted in the symmetry and ZY sections. In Figure 15, it can be seen that in both cases, the flame area expands and moves toward the outlet. Additionally, the flame becomes divided between the mixing zone and the plasma area on the air inlet side and moves from the plasma zone toward the center. At a velocity of 2 m/s, the temperature field exhibits a forked flame distribution (as shown in Figure 15a), but the plasma region has an area that is twice as large as the other case at a velocity of 1 m/s.



In Figure 16, the YZ sections provide a different perspective for comparing flames with and without plasma assistance. The plasma-assisted combustion test case has the highest temperatures in all sections. In the case without plasma, the flame has a symmetrical temperature distribution, while in the plasma-assisted combustion case, the effect of the electrodes is evident in section a, converging in section b. At a velocity of 2 m/s, the maximum temperature in the plasma-assisted combustion test case in section d is 1175 K, while in the other cases, it reaches 1011 K, demonstrating improved performance and a longer flame area. At a velocity of 1 m/s, the plasma temperature reaches 660 K in section d, just 30 K higher than the baseline test case without plasma assistance.



At V= 6 m/s, plasma assistance in combustion does not significantly affect the main flame area and OH mass fraction distribution compared to the previous test cases, but higher temperatures are still achieved in all sections and throughout the domain (Figure 17). A bifurcated flame is still obtained in this case. In section d, the temperature in the plasma-assisted combustion (PAC) case is equal to 1945 K, while in the baseline case it is 1887 K, indicating improved overall performance and an extended flame area. As shown in Figure 18, plasma-assisted combustion consistently results in higher temperatures compared to cases without plasma assistance across all test cases.




4.1.3. Efficiency


The efficiency of the system is determined by the ratio of the enthalpy increase between the inlet and outlet to the total input thermal power, which is equal to the output chemical power from the complete combustion of hydrogen and the input power of the actuators (Equation (17)) [56].


  η =     m ˙   e x i t      c p     T  e x i t   −   m ˙   i n l e t      c p     T  i n l e t       m ˙   h y d r o g e n     L H  V  h y d r o g e n   +  P  a c t u a t o r s      



(17)




where LHVhydrogen is the low heating value of hydrogen. The results showed that the efficiency of the system is significantly less impacted by the power of the plasma discharge than by the power of the combustion. Each actuator consumes 2.97 × 102 W m−2, resulting in a total power of approximately 0.25 W for the entire chamber, approximately one order of magnitude less than the fuel power output, in accordance with [28,43]. The lowest heating value of hydrogen is around 1.19 × 108 J/kg. In the test case with the lowest hydrogen flow rate (V = 1 m/s and φ = 0.5), the fuel power is about 2.6 W. Table 7 illustrates the system efficiency. Plasma-assisted combustion enhances lean mixtures, increasing velocities, maximum temperatures, and the size of the stable flame area. At low inlet velocities, the concentration of reactants in the microcombustor is low, resulting in a low heat release from combustion. This is exacerbated by the proximity of the combustion zone to the inlet, leading to a significant heat loss as the flame is transported downstream. As the inlet velocity increases, the concentration of reactants increases, leading to an increase in the heat released by the combustion of hydrogen/air and a corresponding rise in temperature in the reaction zone. Over 99% of the hydrogen that enters the burner is effectively consumed, as found also in [28,55]. The exhaust gases are primarily composed of oxygen, nitrogen, and water vapor, as also reported in [28]. Our findings were compared to those of previous literature studies, and it was observed that the microcombustion efficiency of a T-shaped H2-air stoichiometric microcombustion, as provided by plasma actuators, was 21.9%, which is similar to our best configuration [56]. Our device’s efficiency was found to be superior to Mackay’s Y-shaped microcombustor PAC analysis, with our efficiency being up to 10 times higher in certain cases [43]. The primary reason for this improvement can be attributed to the differences in geometry, with our combustion chamber being significantly longer. This allows for higher flow rates, resulting in almost complete combustion of the hydrogen and fewer quenching phenomena. Moreover, the significant contribution of radical analysis in plasma discharge performed significantly improved the combustion and overcame pressure gradients and wall heat losses, as discussed in previous chapters.






5. Conclusions


This paper investigates the development of a new multiscale modeling framework for simulating dielectric barrier discharge (DBD) plasma actuators in a microcombustor for enhancing combustion. The framework combines a microscopic plasma kinetic model with a macroscopic CFD plasma-fluid model, allowing for a detailed description of the plasma without the need for computationally expensive calculations. The proposed microscopic plasma kinetic model is used to estimate the species mass fractions in the plasma regions, which are then used in the plasma-fluid model. The main conclusions are:




	
The impact of plasma was observed in multiple configurations with a significant impact on performance improvement, particularly in the leanest mixtures where plasma is necessary for achieving a stationary flame.



	
When comparing the lean condition to the clean case, the combustion efficiency is 0.22 at the maximum mass flow rate analyzed. For equivalence ratio equal to 0.8, the efficiency improvement is about 50% compared to the clean case.



	
Further experimental studies need to be developed to analyze ignition and flame time development.
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Figure 1. Sketch in mm of the micro combustor. 
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Figure 2. FE-DBD offset planar actuator (a) general scheme, (b) applied potential. 
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Figure 3. Multi FE-DBD plasma actuators configuration and plasma actuation body force direction. 






Figure 3. Multi FE-DBD plasma actuators configuration and plasma actuation body force direction.



[image: Energies 16 02272 g003]







[image: Energies 16 02272 g004 550] 





Figure 4. Plasma-assisted combustion methodology. 
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Figure 5. Equivalent plasma actuator lumped electrical circuit. 






Figure 5. Equivalent plasma actuator lumped electrical circuit.



[image: Energies 16 02272 g005]







[image: Energies 16 02272 g006 550] 





Figure 6. Mesh (a) Mixing zone mesh refinement, (b) ZY sections whose coordinates are equal to x equal to 2, 5, 10, and 20 mm (x = 0 combustor inlet). 
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Figure 7. Grid independence symmetry plane chamber midline flame zone. V = 6 m/s, φ = 1. 
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Figure 8. Mixing zone combustor flame. (a) On the top experimental picture, (b) grayscale of heat emission predicted by CFD simulation. Mixture conditions are V = 6 m/s and φ = 1. 
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Figure 9. Comparison between experimental visible average flame length [42] and predicted flame length. 
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Figure 10. (a) Predicted reduced electric field cycles    E N   , (b) predicted main species particles density over time. 
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Figure 11. Velocity contour and path lines in the mixing zone for PAC test case in the following conditions: V = 1 m/s and φ = 0.5. 
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Figure 12. Temperature contours for PAC case at inlet mixture velocity equal to 1 m/s and φ = 0.5 in symmetry plane and in four YZ sections (a, b, c, d named in Figure 7). 
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Figure 13. Temperature for the cases at φ = 0.5 and different inlet mixture velocity without (W/O PAC) and with PAC (PAC) (a) Chamber midline temperature profiles, (b) Max fluid temperature. 
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Figure 14. Contours of OH mass fraction for PAC at φ = 0.5 (a) 6 m/s, (b) 2 m/s, (c) 1 m/s. 
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Figure 15. Flame zone temperature contours (a) v = 2 m/s, (b) v = 1 m/s with plasma actuators (PAC) on the left, and without plasma (W/O PAC) on the right. 
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Figure 16. Flame zone temperature. First row: PAC, Second Row: W/O PAC. First column V = 2 m/s, second column V = 1 m/s. The labels a, b and d are named in Figure 7. 
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Figure 17. Temperature contours 6 m/s. First row: PAC, Second Row: W/O PAC. The labels a, b, c, and d are named in Figure 7. 
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Figure 18. Max fluid temperature for φ = 0.8 and different inlet velocity, without (W/O PAC) and with PAC (PAC). 
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Table 1. Test case geometric and feeding parameters.
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	Geometric Data
	Value





	Streamwise Electrodes gap
	4 × 10−6 [m]



	Electrodes Thickness
	1 × 10−6 [m]



	Dielectric thickness
	1.2 × 10−5 [m]



	Electrodes length
	1 × 10−4 [m]



	Electrodes width
	1.57 × 10−3 [m]



	Frequency
	1 GHz



	Amplitude
	162.5 V
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Table 2. Main Particles in the kinetic system.






Table 2. Main Particles in the kinetic system.





	Species Type
	Molecules





	Elements
	N, H, O



	Charged particles
	N+ N2+ N3+ N4+ O+ O2+ O4+ O− O2− O3− O4− NO+ N2O+ NO− N2O− NO2− NO3− O2+ E H+ H2+



	Excited species
	N2(A1), N2(A3), N2(C3), N2(V3) N2(V1), N2(B3), N2(V2), N2(V4) N2(V7), N2(V5), N(2D), N2(V6) N2(V8) O2(V1) N(2P) O2(V2) O(1D) O2(V3) O2(B1) O2(4.5EV) O2(V4) O2(A1) O(1S), OH
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Table 3. Inlet velocity conditions.
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	Vmixture
	φ
	VH2 [m/s]
	Vair [m/s]





	1
	0.5
	0.17
	0.83



	2
	0.5
	0.34
	1.66



	6
	0.5
	1
	5



	1
	0.8
	0.24
	0.76



	2
	0.8
	0.49
	1.51



	6
	0.8
	1.46
	4.56
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Table 4. Body force and Power density from Shivumkar et al. [28].
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	Performance
	Value





	Body force [N/m3]
	1.06 × 106



	Power density [W/m3]
	1.8 × 109
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Table 5. Mesh independence analysis.
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	Mesh
	Cells × 103
	Max Temperature [K]
	Difference %





	1
	189
	2351
	0



	2
	240
	2347
	0.19%



	3
	400
	2382
	1.2%
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Table 6. ZDPlasKin predicted main species concentration.
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	Species
	Species Density [Particles/cm3]
	Mass Fraction





	H
	4.38 × 1017
	1.4 × 10−2



	OH
	1.44 × 1015
	4.0 × 10−5



	H2O
	6.52 × 1018
	2.1 × 10−1



	HO2
	8.34 × 1013
	2.0 × 10−6
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Table 7. Predicted efficiency.






Table 7. Predicted efficiency.





	φ
	  V   [m/s]
	ηPAC
	ηW/OPAC





	0.5
	1
	0.10
	0



	0.5
	2
	0.06
	0



	0.5
	6
	0.22
	0



	0.8
	1
	0.09
	0.02



	0.8
	2
	0.13
	0.11



	0.8
	6
	0.16
	0.12
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