Numerical simulation of inducing characteristics of high energy electron beam plasma for aerodynamics applications
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Abstract

The problem of flow active control by low temperature plasma is considered to be one of the most booming realms of aerodynamics due to its practical advantages. Compared with other means, the electron beam plasma is a potential flow control method for large scale of flow. In this paper, a CFD model coupled with multi-fluid plasma model is established to investigate the aerodynamic characteristics induced by electron beam plasma. The results demonstrate that the electron beam strongly influences the flow properties, not only in boundary layers, but also in main flow. A weak shock wave is induced at the electron beam injection position and develops to the other side of the wind tunnel behind the beam. 
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1. Introduction
The propulsion systems of supersonic vehicles, such as ramjet and scramjet, have been abundantly researched recently. Some of them have already participated in flight tests and behave well [1]. However, the problems that puzzled the engineers still exist. For example, the scramjet can only work in specific Mach number flow. If the velocity of flow changes, the efficiency of the scramjet inlet would be greatly decreased. So the researchers try to find an adjustable inlet that can work in a wide range of Mach number flow. As we know, there are two methods that will satisfy the requirement to some extent, i.e. the mechanical adjustable inlet method and the flow control method. The former scheme is much more complex due to the movement of the actuator, so it brings great difficulties to the researchers. Thus a simple but efficient inlet adjustable method is required.
Actually in the early 1990s, a novel propulsion system developing program, named “AJAX”, was proposed in Russia. The basic principle used plasma to control the flow, to assist fuel combustion and also extract the energy from the highly ionized plasma. It takes full advantage of magnetohydrodynamic (MHD) effects in plasmas, thus, in theory, the engine can obtain high efficiency and work in a wide flow range. But the whole propulsion system becomes very complex and the technology readiness level of each key component only stays in principle test stage, which is far from flight application. However, AJAX gives a new sight of active flow control and points out the trend of advanced supersonic or hypersonic flight vehicles.
Accompanied by the footsteps of AJAX pioneers, the active flow control method by plasma is investigated abundantly [2, 3]. Roth et al. carried out a famous experiment that illustrated the remarkable effect of plasma in re-attachment flow separation of airfoil boundary layer [4]. In 1998, they reported that another application of low temperature plasma is drag reduction and by changing the plasma actuating direction, the plasma can produce a thrust, which changes the flight characteristics [5]. Leonov et al. investigated the plasma effect on separation processes and shocks position in supersonic air flow [6]. Two experimental situations are considered: one is surface electrical discharge plasma in a free stream; the other is surface discharge in separated zone behind the wall step. The experiments results indicate that the plasma could change the boundary layer structure considerably. Recently, Karla et al. adopted snowplow discharge plasma to control the shock wave configuration [7]. The study takes the magnetic field in to consideration, which is a step forward. The shock position moves downstream because of the MHD effect. 

In these researches, the main mechanism of the plasma flow control is that the active plasma ions accelerate in discharge electric filed, thus causing the momentum to transfer from ions to gas molecules. And the plasma is usually produced by DBD, SDBD and nano-pulse discharge. Its advantages are simple discharge device and low power consumption. However, the size of action zone is limited by the small plasma ranges and can only be used in boundary layer. Therefore, in order to modify the main flow characteristics, another style of plasma should be considered. Macheret et al. employed the high energy electron beam to control flow properties of the scramjet inlet. The results demonstrate that the electron beam is an efficiency flow control method [2]. Sheikin et al. used a theoretical method to obtain the electron beam deposition model, which could be applied to MHD flow control [8]. Zheng et al. [9] and Tian et al. [10] also studied the mechanisms of electron beam plasma flow control means. All the researches indicate that electron beam plasma is different from the conventional gas discharge plasma in the process of flow control, and would play a significant role in supersonic and hypersonic flight vehicles. However, in the above studies, some assumptions are made for the electron beam model, which brings uncertain factors to the research results.

In this paper, based on the set of experiments, a CFD model coupled with multi-fluid plasma model is established to investigate the aerodynamic characteristics induced by electron beam plasma, in which electron beam effect is simulated by the Monte Carlo model. With the model, the inducing characteristics of the electron beam in several conditions are obtained.
2. Simulation model
2.1. Plasma model

The simulation of high energy beam in this paper is based on a Monte Carlo (MC) toolkit named GEANT4 (GEometry ANd Tracking), which was developed by an international collaboration [11, 12]. Considering the complexity of the interactions between the energetic beam electrons and air molecules, we use the so-called standard electro-magnetic physics model in physical-list module, which contains most of the possible physical processes, such as electron ionization, bremsstrahlung, multiple-scattering, and photo-electric effect, etc. A more detailed description of the model is given in reference [13].
Because of the producing complexity of air plasma, a two dimensional multi-fluid model is established to describe the spatial and temporal evolutions of plasma components. In the present paper, 8 main species are taken into consideration in the model, each of which participates in several chemical reactions. By analyzing the collision cross sections of such species, 13 reactions are considered. Most rates are dependent on the electron temperature. In this paper, the electron temperature is not calculated and an assumption is made that the electron temperature approximately equals to twice of gas temperature [14]. Note that the self-heating effect is a significant phenomenon for high energy continuous electron beam plasma, especially in case of high beam current and gas pressure. Thus the spatial distribution of gas temperature is the important for analyzing the electron beam plasma and the chemical reaction mechanisms. However, in this work, the spatial gas temperature field is not calculated and the former results are directly adopted in the model in initialization process [15]. The collisions between neutral species are neglected. However, the density changes of neutral species, due to collisions between charged particles and neutral species, are still included in the model.

The continuity equations of particles are
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where nk, fk and Sk denote particle number density, particle flux and source term, respectively. Subscript k is the species index number. Like the conventional fluid model, the momentum equations of species are simplified by adopting a so-called drift-diffusion approximation. Thus, the charged particle fluxes are given as
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where E denotes the electric field in the plasma region. μk and Dk represent the mobility and diffusion coefficient. Since the neutral species do not respond to the electrical field, so the fluxes are directly treated as zero in the model.

The electric field is described by the Maxwell equation, given as

	
[image: image3.wmf]0

k

e

n

e

Ñ×=

å

E


	(3)


where e and ε0 denote the element charge and permittivity of free space, respectively. 

For electron beam plasma, the source term in equation (1) is the sum of two terms, described by
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In the above equation, the first term qeb gives the ionization by fast electrons (electron beam) and second term describes the chemical reactions between particles, in which Rp, nA, nB, and nC represent the reaction rate, reactor A, reactor B, and reactor C in the p-th reaction, respectively. Np is the total reaction number of k-th species.

The ionization rate qeb is obtained by Monte Carlo model and it is directly put into the multi-fluid model.
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where qeb, Ieb, and qMC denote beam ionization rate, beam current and statistical energy deposition.
2.2. Computational fluid dynamic model

The gas flow induced by electron beam is described by the so-called Navier-Stockes equations [16], which is widely used to investigate characteristics of the compressible supersonic flow. For simulating the interaction between the electron beam and air flow, the energy deposition is included in the energy equation, given as
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where ω and T are the total energy and temperature, u, v, and p denote x, y component of velocity and the pressure. τxy and τyy are the shear stress. k is the thermal conductivity and 
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is volume heat source.

Two kinds of boundary conditions are adopted in the CFD model: (1) the far field condition is applied in the open boundary and (2) the no-slip boundary is used on the wall. In the computations, both flow and plasma components are initialized from static zero value.
Finally, the three sub-models are coupled by the CFD source term and the critical parameters, i.e. background gas pressure and temperature. The relations between the models are shown in figure 1.
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	Figure 1. The diagram of sub-model relations.


3. Results and discussion

Based on our experiments [17], the following researches assume the high energy electron beam is injected into a free supersonic flow and thus the incoming flow field is simple and nearly homogeneous in main flow. Because it is similar to the wind tunnel flow, we call it “wind tunnel” model. Figure 2 gives the schematic of wind tunnel model. From the middle of the bottom wall, the electron beam is injected into the air flow. The injection angle θ of the beam varies in the range of 0°–180°, which reflects the attack angle of the flight vehicles.
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	Figure 2. Schematic of electron beam aerodynamic model.



3.1. Flow characteristics induced by electron beam
Firstly, the flow characteristics induced by electron beam are investigated. Based on our experiments, the electron beam parameters are set as the ones of experiments in simulation, given in table1. The electron beam power is 30 kW and the beam energy is set as 75 keV. 
Table 1. Typical operation parameters.
	Mach number
	Pressure

(Pa)
	Attack angle
	Beam power

(kW)
	Beam energy

(keV)
	Injection angle

	1.2
	1.33×104
	0°
	30
	75
	90°


From table 1, the high energy beam is injected vertically into the bottom of the tunnel wall. Thus, the Monte Carlo model is used to obtain the energy deposition of the beam when it penetrates into the air flow. The spatial distribution of energy deposition is shown in figure 3(a). It can be observed that a pear-shaped action zone is formed in the air [18], which is quite different from the one adopted in literatures. It demonstrates that the energy deposition is in the range of 2×103–2.3×107 W/m3, and the size is about 1.2 m in injection direction and 1.1 m in radial direction. It means that the actuating range of high energy electron beam is large and thus can modify the flow in large size. The experimental image, operating in the same parameters as the numerical study, is given in figure 3(b). By analyzing the results, a meaningful comparison is made, which indicates that the numerical model is reliable and its precision can satisfy the model requirement.
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Figure 3. (a) Energy deposition of electron beam, units: W/m3, (b) experimental image of electron beam plasma [15].

3.2 Influence of electron beam power
As is discussed above, the electron beam power is the key factor to the induced effect. Therefore, the flow properties in different beam powers are investigated. 
4. Conclusions

In conclusion, a CFD model coupled with multi-fluid plasma model is established to investigate the aerodynamic characteristics induced by electron beam plasma. 
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