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中  文  摘  要

	等离子体气动激励是利用等离子体在电磁场力作用下运动或气体放电引起温度、压力变化的特性，对流场施加的快速、宽频气动激励。基于等离子体气动激励的等离子体流动控制技术，可显著改善飞行器/动力装置的气动特性，已成为国际上空气动力学和气动热力学领域的研究前沿。2004年，美国国防部将等离子体流动控制列为面向空军未来发展的重点资助领域；2005年，美国空军将等离子体动力学（等离子体流动控制的基础）列为未来几十年保持技术领先地位的六大基础领域之一；2006年，我国《国家中长期科学发展规划纲要》将等离子体动力学列为航空航天重大力学问题。

高稳定性风扇/压气机是未来高性能涡扇发动机发展的重点和难点问题，采用等离子体气动激励扩大风扇/压气机的稳定性，发展新的气动设计原理和方法，具有重要的理论意义和工程应用价值。抑制流动分离是提高风扇/压气机气动稳定性的基本技术途径，但是，目前等离子体气动激励抑制流动分离的流场速度范围还远远不能满足风扇/压气机（及飞机机翼）流动控制的要求，如何提高等离子体气动激励抑制流动分离的能力，成为制约等离子体流动控制技术发展的关键科学问题。
针对扩大风扇/压气机稳定性的重大需求和上述关键科学问题，本文在空军工程大学承担的等离子体流动控制“973”项目和“863”项目的资助下，开展等离子体气动激励机理、提高等离子体气动激励抑制流动分离能力的原理研究，并在此基础上，开展等离子体气动激励扩大压气机稳定性的原理和方法研究。主要内容和创新点如下：

1、诱导近壁面气流加速的等离子体气动激励机理研究
国际上广泛认为，等离子体气动激励抑制流动分离的原理是诱导近壁面气流加速，进而增强气流抵抗逆压梯度的能力。但是，有关机理研究还不够系统深入。主要问题之一是针对典型的表面介质阻挡放电等离子体气动激励，缺乏对电子密度和温度这两个关键物理参数的测试诊断方法，限制了对诱导气流速度影响规律和制约因素的认识。为此，本文以电子密度和温度的测试诊断为重点，深入开展了表面介质阻挡放电等离子体气动激励的机理研究。
主要创新是建立了大气环境表面介质阻挡放电等离子体气动激励的电子密度和温度估算模型，并应用于揭示诱导气流速度的影响规律和制约因素。
电子密度在一定程度上表征了参与动量传递的离子密度，是决定诱导气流速度大小的主要参数；电子温度是表征电子能量分布的重要参数，目前国际上还不能测试诊断这两个关键物理参数。根据发光粒子
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的相对浓度估算电子温度的模型。该模型的建立，使得可以通过发射光谱测试来估算电子密度和温度，为等离子体气动激励及其抑制流动分离的数值仿真和机理分析提供了重要依据。
以估算得到的电子密度作为输入参数，仿真得到的诱导气流速度与实验结果基本一致，在一定程度上验证了估算模型的正确性。应用估算模型，获得了诱导气流速度的制约因素，以及气压对电子密度和温度的影响规律。在气压一定的情况下，随激励电压和激励器参数（电极的宽度和厚度、绝缘材料的介电常数和厚度）的改变，电子密度基本不变，电场强度是制约诱导气流速度增大的主要因素。随着气压的降低，在45Torr时放电模态发生了丝状放电向辉光放电的转捩，电子密度先减小后增大，电子温度在气压低于45Torr后显著增大。

2、等离子体冲击气动激励及其抑制流动分离的原理研究
由于等离子体气动激励诱导的气流速度很难显著提升，必须采用新的技术途径来提高等离子体气动激励抑制流动分离的能力。李应红教授提出了“等离子体冲击流动改性”的学术观点，但只是提出了基本原理，等离子体冲击气动激励的机理尚未开展研究，提高抑制流动分离能力的有效性有待验证。为此，对等离子体冲击气动激励机理，以及等离子体冲击气动激励提高抑制流动分离能力的有效性进行了深入研究。
主要创新是揭示了纳秒脉冲放电等离子体冲击气动激励的机理，并仿真和实验验证了冲击气动激励提高抑制流动分离能力的有效性。
通过理论、实验和仿真研究，提出了纳秒脉冲放电产生冲击波的机制：纳秒脉冲放电的折合电场强度大（峰值约为500Td）、峰值功率大（几十kW），放电产生了大量的高能电子，引发了氮分子电子激发态的熄灭、氮分子和氧分子离解、分子离子和电子复合等物理化学过程，导致电极附近局部的空气被快速加热，压力急剧升高，进而产生冲击波。计算得到了冲击波的波速、波后压力和温度。仿真和实验揭示了冲击波诱导的气动激励特性，冲击波在距离壁面0.5mm内具有很高的强度，诱导出旋涡，在20μs内迅速衰减为垂直壁面向上的弱气动扰动，随后诱导的气流速度几乎为0。等离子体冲击气动激励机理的研究，为解决提高抑制流动分离能力的瓶颈问题提供了理论指导和技术途径。
验证了等离子体冲击气动激励提高抑制流动分离能力的有效性，仿真结果表明等离子体冲击气动激励可以在200m/s的流场速度下有效抑制流动分离；在100m/s（达到喷气飞机起飞、降落速度）的流场速度下进行的风洞实验验证表明，施加纳秒脉冲放电等离子体冲击气动激励，将NACA 0015翼型的临界失速攻角由22°增大到25°，攻角为22°时，翼型升力增大17.4%，阻力减小22.4%；仿真和实验均表明，存在一个有效抑制流动分离的激励电压阈值，无因次激励频率为1时的流动控制效果最好。
3、等离子体气动激励抑制压气机叶栅角区分离的实验研究

静子叶片角区分离是制约风扇/压气机稳定性和级增压比提升的关键问题之一，已有的附面层吸除、旋涡发生器等角区分离抑制方法难于适应不同状态，或难于在低压/风扇级实施。为此，开展了等离子体气动激励抑制压气机叶栅角区分离的实验研究，探索新的角区分离抑制途径。
主要创新是提出了等离子体气动激励抑制压气机叶栅角区分离的方法，并初步实验揭示了角区分离抑制效果的影响规律。基本原理是：在叶片吸力面施加等离子体气动激励，抑制流动分离，增强气流克服通道逆压梯度的能力，进而抑制角区分离。研制了等离子体气动激励实验叶栅，在流场速度小于50m/s、70m/s的实验条件下，微秒、纳秒脉冲放电等离子体气动激励分别有效抑制了角区分离，获得了激励位置、强度、来流速度、攻角、脉冲频率和占空比对流动控制效果的影响，无因次激励频率为0.4时的流动控制效果最好。该成果不仅为解决风扇/压气机角区分离抑制的难题提供了新的途径，而且在内流逆压梯度环境进一步验证了等离子体冲击气动激励提高抑制流动分离能力的有效性。

4、等离子体气动激励扩大轴流压气机失速裕度的初步实验研究
失速裕度自适应控制是高稳定性风扇/压气机气动设计的一个重要发展方向，等离子体气动激励可以为失速裕度自适应控制提供新的激励手段。为此，开展了等离子体气动激励扩大轴流压气机失速裕度的探索性实验研究。
主要创新是提出了等离子体气动激励扩大轴流压气机失速裕度的方法并实验验证。基本原理是：利用等离子体气动激励在压气机端壁区域产生有利扰动，改善叶尖端部流动，抑制转子叶尖脱落涡、泄漏流等失稳扰动，从而扩大失速裕度。研制了一种等离子体气动激励机匣，解决了在大面积弯曲表面产生稳定的等离子体气动激励的难题。在压气机转速为1080转/分的实验条件下，等离子体气动激励可以减小近失速流量系数5.1%，其激励强度和激励位置是决定流动控制效果的重要因素，转速越高，需要的激励强度越大，在转子叶片前缘施加激励的流动控制效果最好。该成果为风扇/压气机失速裕度自适应控制提供了一种有效的激励手段。
论文部分研究成果被中国工程热物理学会编著的《2007-2008工程热物理学科发展报告》评论为：“在国内率先开展了利用等离子体激励拓宽低速轴流压缩机工作稳定性的实验研究。”被“973”项目专家组评价为：“在介质阻挡放电等离子体气动激励电子密度和温度诊断方法方面有突破。”被“863”项目鉴定委员会评价为：“在国际上首次进行了压气机等离子体扩稳方法研究和原理性验证，具有重大技术创新。”“863”项目研究成果获军队科技进步二等奖（作者为第二获奖人）。
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Study on the Mechanism of Plasma Aerodynamic Actuation and its Application in Compressor Stability Extension
Wu Yun
ABSTRACT
	Plasma aerodynamic actuation(PAA) is a new type of rapid, wide-frequency aerodynamic actuation based on plasma motion in electromagnetic field or temperature and air pressure rise during gas discharge. Plasma flow control(PFC) can significantly improve the aerodynamic characteristics of aircraft and power plant through PAA, and this technology has already become a front subject in international aerodynamics and aerothermodynamics fields. In 2004, PFC research was listed by the US Defense Department as a priority-funded project for the US Air Force. In 2005, plasma dynamics which is a foundation of PFC was listed by the US Air Force as one of six fundamental fields that were aimed at maintaining technology edge for the coming decades. In 2006, plasma dynamics was listed by the Chinese National Mid-and-long Term Scientific Development Program Outline as a subject of paramount importance in aeronautic and astronautic mechanics.
The design of fan/compressor with high stability is a key issue in the development of future high-performance turbofan engine. It is of both high theoretical and practical significance to enhance fan/compressor stability and develop new aerodynamic design principles and methods by the application of PAA. Flow separation control is a basic approach to extend fan/compressor stability. But at present the freestream velocity range, in which PAA can effectively control flow separation, is still far from conditions as required by fan/compressor and wing flow control. The mechanism of how to improve the capability of flow separation control through PAA poses a major scientific problem that restricts the development of PFC technology.
Funded by “973 Project” and “863 Project” on PFC, and in line with the great demand for fan/compressor stability extension and the scientific problem as mentioned above, researches were conducted on the mechanism of PAA and how to improve the effectiveness of PAA in flow separation control, on the basis of which principles and methods of compressor stability extension were studied by means of PAA. The main research results and innovations are as follows: 

1. Research on the mechanism of PAA for inducing near-wall flow acceleration
It is widely accepted that the principle of flow separation control by PAA is near-wall flow acceleration, so that the flow can withstand higher adverse pressure gradient. But there has been no adequate systematic and in-depth research on its relative mechanism. One major problem is that there is no means available for measurement and diagnosis of electron density and temperature — two key parameters in surface dielectric barrier discharge PAA — thus limiting the understanding on the influence law and main inhibiting factors for the induced flow velocity. Therefore, this dissertation has carried out in-depth researches on the mechanism of surface dielectric barrier discharge PAA, in which the emphasis is on the diagnosis of electron density and temperature.
The estimation model for the electron density and temperature in atmosphere surface dielectric barrier discharge PAA, which was used for discovering the influence law and inhibiting factors for induced flow velocity, is a major innovation of this study. 
Electron density, which, to some extent, indicates the ion density for momentum transfer, is a key parameter that determines induced flow velocity. Electron temperature is a key parameter that indicates the electron energy distribution. So far, there has been no means available for measurement and diagnosis of the electron density and temperature in atmosphere surface dielectric barrier discharge plasma. In this dissertation, in accordance with the chemical kinetics model of N2(C) and N2+(B), estimation model for the electron density and temperature in atmosphere surface dielectric barrier discharge plasma was built by using relative emission intensity of different vibration energy level of N2(X) and vibration energy level distribution of N2(C), and relative emission intensity of N2(C) and N2+(B) respectively. This model makes the estimation of electron density and temperature possible through optical emission spectrum diagnosis, which provides important basis for simulation and mechanism analysis on PAA and its application in flow separation control.
With the electron density as input parameter, the simulation result is generally consistent to the experimental result, which validates the estimation model to some extent. The inhibiting factors for induced flow velocity and law of air pressure influence upon the electron density and temperature were obtained by using the estimation model. When the air pressure is fixed, electron density remains unchanged along with the variation of actuation voltage and actuator parameters, such as width and thickness of the electrode, and the relative dielectric constant and the thickness of the insulation material. The electric field strength is the main inhibiting factor for the induced flow velocity. With the decrease of air pressure, discharge mode changes from a filamentary type to a glow type at 45 Torr. The electron density decreases first and then increases, while the electron temperature increases significantly once the air pressure is less than 45 Torr. 

2. Research on the mechanism of plasma shock aerodynamic actuation(PSAA) and its application in flow separation control

Since the induced flow velocity is difficult to be raised remarkably, some new way must be adopted to improve the PAA’s capability for flow separation control. Professor Li Yinghong put forward a new concept of “plasma-shock-based flow control”, but the mechanism of PSAA has not been studied and the effectiveness of PSAA to improve flow separation control capability remains to be validated. Therefore, in-depth researches have been carried out on the mechanism of PSAA, and the effectiveness of using PSAA to improve flow separation control capability.

The major innovation point is the discovery of the mechanism of nanosecond pulsed discharge PSAA, and simulational and experimental validation of the effectiveness of using PSAA to improve flow separation control capability. 
Through theoretical, experimental and simulational researches, the mechanism of shock wave induced by nanosecond pulsed discharge is brought forward. The study shows very high reduced electric field strength with its peak value as high as about 500Td, and peak power as high as tens of kilowatts, thus a large quantity of high-energy electrons are produced. The quenching of the electronically excited states of N2, the dissociation of O2 and N2, and the recombination of molecular ions with electrons and other physical-chemical processes cause fast heating of local air near the electrode edge and fast air pressure rise, thus inducing shock waves. The velocity of shock wave, air pressure and temperature behind the shock wave were calculated. The characteristics of aerodynamic actuation created by shock wave were discovered through both simulation and experiment. The shock wave is very strong within 0.5 mm to the surface and vortex can be induced. Then the shock wave changes into weak disturbance vertical to the wall in only 20 microseconds, and the induced velocity is almost 0. Research on the mechanism of nanosecond pulsed discharge PSAA suggests a new theoretical dimension and throws light on new technical approach to solve the bottleneck problem of improving flow separation control capability.

The effectiveness of using PSAA to improve flow separation control capability was validated. Simulation result indicates that PSAA can control flow separation effectively at the freestream velocity of 200 m/s. With nanosecond pulsed discharge PSAA at the freestream velocity of 100 m/s, equal to the take-off and landing speed of a jet plane, the critical stall angle of NACA 0015 airfoil increases from 22° to 25°, and when the angle is 22°, the lift increases by 17.4% while the drag decreases by 22.4%, as shown in the wind tunnel experiments. Both simulational and experimental results indicate that there is an actuation voltage threshold and an optimal reduced actuation frequency of 1.
3. Experimental research on corner separation control in a compressor cascade by using PAA
Corner separation on stator blade is a key problem that restricts the stability and stage pressure ratio of fan/compressor. Existing methods that involve boundary layer suction and vortex generator are not good enough for different operational conditions and low-pressure or fan stages. Therefore, the research on using PAA to control the corner separation in a compressor cascade was conducted to explore new ways for corner separation control.

The main innovative research result is to have brought forward the method of corner separation control by PAA, and to have discovered the influence law upon control effect elementarily in the experiments. The basic principle is to use PAA on the blade suction surface to control flow separation, so that the flow can withstand higher adverse pressure gradient, and the corner separation is controlled. Experimental compressor cascade with plasma aerodynamic actuator was developed. When the freestream velocity is less than 50 m/s and 70 m/s, microsecond and nanosecond discharge PAA can effectively control the corner separation respectively. Research data were obtained about the influences of actuation location and strength, freestream velocity, angle of attack, pulse frequency and duty cycle upon the flow control effect. The research came up with an optimal reduced actuation frequency of 0.4. These results not only provide a new way for solving the problem of fan/compressor corner separation control, but also validate the effectiveness of using PSAA to improve flow separation control capability in internal flow with adverse gradient.
4. Elementary experimental research on stall margin extension in an axial compressor by means of PAA
Adaptive control of stall margin has become an important direction for fan/compressor aerodynamic design. PAA could be a new actuation approach for adaptive control of stall margin. Therefore, elementary experimental research was conducted on stall margin extension in an axial compressor by means of PAA.

The major innovation in this research is to have brought forward the method of stall margin extension in an axial compressor, using PAA with experimental validation. The basic principle is to make use of the favorite disturbances created by PAA to improve blade tip flow characteristics and to restrict unstable disturbances such as tip shedding vortex and leakage flow, in order to extend the stall margin. A PAA casing was developed, after resolving the problem on how to generate stable PAA on large-area and curving surface. When the rotating speed is 1080 r/min, PAA can reduce the near-stall flow rate by 5.1%. The actuation strength and location are the key factors that affect the control effect. The faster it rotates, the stronger the actuation is needed. Better control effect is obtained when the actuation is located at the upstream of the rotor. Thus, an effective actuation approach for adaptive control of stall margin has been provided. 

Partial results in this dissertation were carried in Report on Advances in Engineering Thermophysics (2007-2008), which wrote: “It is a pioneer experimental research in China on stall margin extension in a low-speed axial compressor using plasma aerodynamic actuation.” This research was evaluated by the expert group of “973 Project”, who said that “This research has a breakthrough in the methods of diagnosing the electron density and temperature in dielectric barrier discharge plasma aerodynamic actuation.” It was also evaluated by the Evaluation Committee of “863 Project”, which said that “This research has been the first at home and abroad on the study of methodology and experimental validation of plasma-based compressor stability extension, which is a significant innovation.” “863 Project” has won the second-class prize of Peoples’ Liberation Army Prize for Progress in Science and Technology, and the author is the second member on the research team.
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