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    Shock boundary layer interaction (SBLI) control is a very important topic in aerospace science and engineering. SBLI could cost flow separation, pressure fluctuation, noise generation, engine stop, energy efficiency reduction, and even structure destruction. As a passive SBLI control tool, micro-ramp vortex generator (MVG) is a robust and efficient device and received wide attention by scientific researchers and engineers. This book mainly introduces high order large eddy simulation (LES) for SBLI control by MVG. Since Li and Liu published their milestone LES work in 2010, which shows that the vortex structure around MVG is not simply a pair of streamwise vortices, but consists of a train of spanwise vortex rings, the vortex structure around MVG becomes a hot topic for scientific research and more and more research papers have been published since then. However, we have no intention to include all LES work about MVG in this book, but are focused on the LES work which was conducted by the research team at Center for Numerical Simulation and Modeling (CNSM) of University of Texas at Arlington (UTA) under support of US Airforce Office of Scientific Research, Grant No. FA9550-08-1-0201.




    In this book, an implicitly implemented large eddy simulation (ILES) by using the fifth order bandwidth-optimized WENO scheme is applied to make comprehensive studies on ramp flows with and without control at Mach 2.5 and Req=5760. The work is mainly contributed by Dr. Chaoqun Liu and Fellows in Center of Numerical Simulation and Modeling at University of Texas at Arlington. Flow control in the form of microramp vortex generators (MVG) is applied. The results show that MVG can distinctly reduce the separation zone at the ramp corner and lower the boundary layer shape factor under the condition of the computation. A series of new findings are obtained about the MVG-ramp flow including the structures of the surface pressure, the three-dimensional structures of the re-compression shock waves, the complete surface separation pattern and the new secondary vortex system, etc. The mechanism about the formation of the momentum deficit is deeply studied. A new mechanism on the shock-boundary layer interaction control by MVG is discovered as associated with a series of vortex rings, which are generated by the high shear layer at the boundary of the momentum deficit zone. Vortex rings strongly interact with the flow and play an important role in the separation zone reduction. In addition, the governing equation, boundary condition, high quality grid generation, high order shock capturing scheme, DNS inflow condition are all introduced in details. These will provide a powerful tool for researchers to use LES to study shock boundary layer interaction and supersonic flow control including shock induced separations and noise reduction. This book is organized as follows: In chapter1, an introduction of shock-boundary layer interaction (SBLI) is given. A paper review about the driven mechanism of pressure fluctuation caused by shock induced flow separation on a ramp corner is presented and a research history on micro vortex generator (MVG) is briefly reviewed. In particularly, a series of new findings made by the LES team at Center of Numerical Simulation and Modeling led by Dr. Chaoqun Liu under the support of US Air Force Office of Scientific Research (AFOSR) are briefly reported. These new findings are milestone work which have made breakthrough in understanding the physics of SBLI, shock-vortex ring interaction and control of shock induced flow separation and noise generation. In Chapter 2, the dimensional and non-dimensional 3-D time-dependent Navier-Stokes equations in curvilinear coordinates are given in details. The flux splitting scheme and non-reflecting boundary conditions are discussed and provided. In Chapter 3, a brief introduction of algebraic grid generation, transfinite interpolation and elliptic grid generation is given. In particular, a two-step elliptic grid generation method developed by Spekreuse (1995) is introduced, which can generate high quality and orthogonal grids near the boundary. The smooth and orthogonal grid for the LES case of MVG and Ramp is generated by the above method. In Chapter 4, a series of high order shock capturing schemes including WENO scheme, weighted compact scheme, modified upwinding compact scheme are introduced, which can get sharp shock capturing but keep high order accuracy in the smooth area. These schemes are particularly useful for LES of shock-turbulence interaction where both high resolution and sharp shock capturing are important. All these schemes are some kind successful in high order LES for SBLI. An efficient shock detector is introduced as a part of weighted compact and modified upwinding schemes. In addition, the accuracy, truncation errors, dissipation and dispersion of these schemes are analyzed. In Chapter 5, a high order direct numerical simulation (DNS) is applied to generate fully developed turbulent inflow. The fully developed inflow was taken from a case of DNS for flow transition. The inflow condition is carefully checked with the velocity profile and ratio of boundary layer thickness and made sure it is a fully developed turbulent flow in order to compare with the wind tunnel test. In Chapter 6, a series of new findings by UTA’s high order LES is presented including spiral points near the leading edge, momentum deficit origin, a train of spanwise vortex rings, flow separation topology is given and the physics of the observation is discussed and concluded. In Chapter 7, interaction of shock and vortex rings which were generated by MVG is described and analyzed in details. The change of vorticity, vortex, shock strength and location is described in details. The physics of shock and vortex interaction and its influence on the flow structure is also discussed. In Chapter 8, a new mechanism of SBLI control by MVG is presented. Traditionally people believe the reduction of shock-induced separation is caused by streamwise vortex which mixes the boundary layer flow and make the velocity profile be more capable to resist the flow separation. The new mechanism shows the spanwise vortex rings are critical which are quickly moving and fast rotating to destroy or weaken the shock and significantly reduce the shock-induced flow separation. Potentially, this study could lead to some technology revolution in control of SBLI, flow separation and noise reduction. In Chapter 9, the correlation between density and pressure fluctuation and vortex motion is studied. The correlation between flow separation and vortex motion is studied as well. The correlation clearly shows the vortex ring generation, size, frequencies, and strength are closely related to the fluctuation of density and pressure. This would provide a powerful tool for SBLI control and noise reduction. In Chapter 10, the results are validated against the TU Delft experiment on the same MVG geometry and Mach number. Several techniques are used to analyze the coherent structures in the MVG wake. The vortex system in the MVG wake is visualized using vortex identification method and it is found that two primary counter rotating streamwise vortex pair are induced by the MVG, which would further lead to a train of vortex rings through K-H instability. The average distance between adjacent vortex rings is determined by a spatial auto-correlation of vorticity, which is estimated as 1.5 MVG height. Two dimensionality reduction algorithms, namely Proper Orthogonal Decomposition (POD), and Dynamic Mode Decomposition (DMD) are applied to a set of flow field sequences on the spanwise symmetry plane. POD modes identifies structures contain most of the turbulent kinetic energy and DMD modes capture single frequency structures most essential to the unsteady dynamics.




    The book is mainly written by Dr. Chaoqun Liu, the Director of CNSM Center at UTA and co-authored by former CNSM research fellows including Dr. Qin Li, Dr. Yonghua Yan, Dr. Yong Yang, Dr. Guang Yang and Ms. Xiangrui Dong. The authors would like to thank Dr. Frank Lu, Dr. Yinling Dong, Dr. Maria Oliveira and Dr. Hua Shan for their assistances.
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      Abstract




      In this chapter, an introduction of shock-boundary layer interaction (SBLI) is given. A paper review about the driven mechanism of pressure fluctuation caused by shock induced flow separation on a ramp corner is presented and a research history on micro vortex generator (MVG) is briefly reviewed. In particular, a series of new findings made by the LES team at the Center of Numerical Simulation and Modeling led by Dr. Chaoqun Liu under the support of US Air Force Office of Scientific Research (AFOSR) is briefly reported. These new findings are milestone work which have made a breakthrough in understanding the physics of SBLI, shock-vortex ring interaction, control of shock induced flow separation and noise generation.
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      1.1. A SHORT REVIEW ON STUDY OF DRIVEN MECHANISM OF UNSTEADINESS OF SBLI IN A COMPRESSED RAMP




      Shock wave and boundary layer interaction (SBLI) is a common phenomenon (Fig. 1.1) which occurs in transonic airfoils, supersonic inlets, wing-fuselage junction in missiles, nozzles, and etc. There are many adverse effects caused by SBLI, for instance, a major source of pressure fluctuation causing structural fatigue and even damage, the inclination to induce flow separations, the reduction of total pressure, the degradation of velocity profile unfavorable in the engine combustion, large acoustic noises, so on and so forth. SBLI is a typical topic that has been extensively studied over the past decades [1]. There are many review papers on this topic [2-8]. Dolling [1] gave a list of issues which needed to be studied, e.g., the source of low-frequency unsteadiness. In the following, a review will be given on this topic.




      Low-frequency unsteadiness of SBLI is a common observation and still remains un-clarified in the society of fluid dynamics, i.e. the driven force to cause the low frequency unsteadiness is not fully understood. Because most realistic inflow is turbulent, the scenario of current discussion mainly concerns about the shock-turbulent flow interaction. There are several theories which try to explain the
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Fig. (1.1))


      SBLI in a compress corner (Clements et al., 2014).



      generation mechanism of low-frequency oscillations. The first one is that the low-frequency unsteadiness is caused by upstream incoming flow fluctuations. Plotkin [9] believed the shock low frequency motion should be caused by incoming turbulence fluctuation with high frequency. In the experiment of Andrepoulos and Muck [10], it was found that the non-dimensional frequency of shock motion, i.e. Strouhal number Stδ = fδ0/U∞, was in the same order of magnitude of turbulence bursting frequencies. A lot of work has been done by Dolling and his group. Erengil and Dolling [11] discovered a high correlation between the shock-foot velocity and the pressure fluctuations in the upstream of boundary layer. Unalmis and Dolling [12] gave a thickening and thinning mechanism. Ganapathisubramani et al. [13] conducted a plan-view (streamwise-spanwise plane) PIV imaging in the boundary layer upstream of a compression ramp interaction with Mach number being 2. The long regions of low-velocity fluid in the log region which remained coherent were observed and were similar to turbulent inflow structures. Ganapathisubramani et al. [14] demonstrated that the coherent superstructures can have a length as large as 40δ. A separation line surrogate (based on a particular low-velocity contour) was defined and tried to find the correlation between these superstructure and the fluctuations in the SBLI. Humble et al. [15-18] have made extensive planar and 3-D tomographic PIV measurements in an impinging shock interaction at Mach2.1. Humble et al. [17] specifically investigated the influence on the upstream boundary layer. They used 3D technique and found that the hairpin-type vortex structures were related with low-momentum regions, which are similar to hairpin-packet model structures [19]. Like Ganapathisubramani et al. [13], they showed a high correlation between velocity fluctuations of upstream and the surrogate separation location. Apparently, investigations of these researchers seemed to show the low-frequency unsteadiness in SBLI is originated by turbulent fluctuations of incoming flows.




      In the meanwhile, other investigators provided evidence that the low-frequency unsteadiness of SBLI was caused by downstream instability. Thomas et al. [20] studied the role of burst-sweep events in the upstream boundary layer for a compression ramp interaction at Mach1.5. A filtering approach was adopted to isolate burst-sweep events and tried to find the correlation of events with the shock motion. Their work demonstrated that there was no correlation between the two occurrences. In addition, they found that the fluctuations of reattachment region were highly correlated with the fluctuations in the intermittent region which implied a downstream source responsible for the unsteadiness. Touber & Sandham [21] conducted large-eddy simulations of SBLI with a configuration simulating the experiments by Dupont et al. [22] where an 8◦shock generator was used to form the impinging shock. They analyzed the incoming boundary layer structures at y/δ0 = 0.2 and found that the superstructures observed by Ganapathisubramani et al. [13] did not exist. Therefore, they concluded that the superstructures played a minor role in the SBLI unsteadiness. Dupont et al. [22] measured the correlation between the fluctuations of the wall pressure near the vicinity of the reflected shock and locations near the reattachment region, and they found that the value was greater than 0.8. This high correlation led to suggestion that the separation bubble and the separation shock oscillation could be correlated as a quasi-linear system. Dupont et al. [23] conducted a detailed study on the spatial and-temporal organization of the separated flow. They confirmed the earlier results of Dupont et al. [22] again about the coherence and phase between the separated shock and separated bubble. Piponniau et al. [24] introduced a simple model in terms of the unsteadiness of separation bubble, where the shear layer played an important role by its entrainment nature. They assumed that the shear layer can entrain the low-momentum fluid out of the separation bubble and caused the mass depletion. A similar mechanism based on entrainment considerations was also suggested by Wu & Martin [25] for compression ramp interactions. Piponniau et al. [24] made an assumption that the Strouhal number regarding the frequency depended on the shear layer entrainment rate and the mass (and hence size) of the separation bubble. Wu & Martin [24] studied the mechanism introduced by Ganapathisubramani et al. [13, 14], i.e., the conclusion of a high correlation between the upstream boundary layer fluctuation and the motion of the separated flow. Wu & Martin pointed out that the magnitude of the correlation might be overestimated significantly by the separation surrogate, and their correlation coefficient between separation shock oscillation and the separation point was approximately 0.8. Wu & Martin’s DNS also revealed the presence of upstream superstructures, which really influenced the separation line, but their effect was restricted to inducing the spanwise wrinkling of the separation line with a smaller scale. According to their observations, Wu & Martin believed that the motion of large scale structures was driven by the separated flow pulsations. Apparently, these two mechanisms oppose each other and both cannot be correct. Clemens and Narayanaswamy [8] concluded that these two mechanisms were always present in all shock-induced turbulent flows with separation, while the downstream mechanism took action for strong separated flows, and a combined mechanism dominated for weak separated flows. Apparently, this is a compromise, may or may not be true. There were still many other people who believed SBLI unsteadiness was a stochastic process but not deterministic [26].




      In short, what is the real mechanism to drive the low frequency unsteadiness is still uncertain. Apparently, we must understand the physics of the driven force of SBLI low frequency unsteadiness if we want to control SBLI efficiently. Therefore, investigation of SBLI unsteadiness is important to both science and engineering applications.


    




    

      1.2. A SHORT REVIEW ON MICRO-VORTEX GENERATORS (MVGS) FOR CONTROLLING SHOCK/BOUNDARY LAYER INTERACTIONS (SBLIS)




      The control of the boundary layer, such as reducing or removing separation zones, drag reduction and improving of flow, is as old as the boundary layer concept. Considering the practicality and reality of aircraft applications, the incoming boundary layer to control is usually chosen as turbulent flow. Practical requirements of the flow control devices, such as the robustness, ease of installation, simplicity and light weight, et al., tend to favor passive devices like vortex generators, vanes, fences and the less developed large-eddy breakup unit or riblets, although active devices also have their advantages [27-39]. A recent study introduced a technique of boundary layer flow control which was to arrange an array of micro vortex generators (MVGs). These MVGs had the height less than thickness of incoming boundary layer and were installed ahead of the region with adverse flow conditions. Different from the conventional vortex generator with a height comparable to the thickness of incoming boundary layer, an MVG has a height of around 20% to 40% of the boundary layer thickness. As discussed above, shock boundary layer interactions (SBLIs) in high-speed inlets can result in many adverse effects and has a negative influence on the performance of the engine, therefore is important to employ techniques to control including MVGs.




      MVGs are a hopeful new device which can alleviate or overcome the negative influence of SBLIs, thus to improve the boundary layer. There are different kinds of MVGs, such as micro-vanes and micro-ramps, and the latter seem to be more preferable since they are more robust than micro vanes especially in high speed flows. Recently, some intensive experimental and computational studies have been done on MVGs. MVGs have a number of advantages compared to conventional vortex generators due to their small size and nonintrusive appearance, which bring about structural reliability, and low drag. Initial studies were conducted at low speeds [30-39] with the application to practical configurations [40-46].




      Recently, the study of MVGs has moved to the supersonic flows in terms of adverse effects reduction of the separation induced by SBLIs. These studies on high speed problems were related to an impinging or reflecting shock generally [47-65]. As a side note, there has been a previous study of conventional sized vortex generators which demonstrated a reduction of unsteady pressure loads in SBLIs [66]. Some numerical simulations of MVGs have been made for comparative studies and to support applications. Ghosh et al. [55] performed the computations in detail under the experimental conditions proposed by Babinsky [51]. RANS computations and hybrid RANS/LES computations with immersed boundary techniques were also included in these numerical studies. Lee et al. [62] also did the simulations on MVGs by using monotone integrated large eddy simulations (MILES). In their computations, the MVG were located at a position that was the same as in a wind tunnel. The waves around the MVG, which including the main shock, expansion waves and re-compression shock similar to as Babinsky’s et al. experiment [51], were reproduced in their studies. The momentum deficit was also captured.




      From the results of experiments and computations, MVGs were introduced to reduce the scale of the separated flow. However, few satisfactory explanations on how the MVGs affect the separation have been achieved. It has been suggested that the boundary layer is energized by the MVGs by a system of streamwise counter-rotating vortices. Recently such a mechanism has been studied in low-speed experiments in detail. The presence of embedded longitudinal vortices shed from sub-boundary layer vanes was found by Velte et al. [67]. Logdberg et al. [68] made experiments by using hot wire anemometry and smoke visualization. In their visualizations with an exposure period of 10ms, a pair of turbulent vortical structures was manifested to convect the downstream. The presence of strong counter-rotating vortices generated from the MVGs was indicated by the hot wire measurements, while there was no evidence or information on unsteadiness provided. However, Angele and Grewe [69] gave the details of the unsteadiness of the flow downstream of MVG array. They suggested that the Reynolds stresses around the mean center of vortex would be increased by the unsteadiness, and the increase would be disappeared if the vortices changed to steady. Other measurement also indicated that the vortices were unsteady. Duriez et al. [70] concluded that a self-sustaining process between the streamwise velocity streaksin a turbulent boundary layer and the streamwise vortices generated by an MVG array was produced by the steady spatial forcing at different wavelengths.




      The detailed flow physics of MVGs at high speeds has not been fully or properly investigated. Although there were suggestions regarding the flow entrainment by two pairs of streamwise, counter-rotating vortices from MVG, the effects of compressibility and baroclinic torque have not been understood.




      In the study of the mechanism on the shock and boundary layer interaction and its control, the use of RANS and corresponding time-averaging interpretation seems to be problematic because of the inherent unsteadiness in such flows. In this regard, it is appropriate to view RANS as mainly an engineering tool. While experiments currently have difficulties to provide a three-dimensional, time-resolved solution, the high-order LES has become an important tool to study flow mechanisms, especially considering the advances in computer and code capability. In the meanwhile, LES results must be checked by experiment, namely, the so-called validation and verification process. Thus, the integration of high-order LES and experiment is extremely important and powerful for gaining insight into the physics of MVGs in SBLI control.




      Recently, the University of Texas at Arlington has carried out investigations on SBLI and MVG control with the support of AFOSR, which has suggested a complex physical mechanism based on the unsteady shedding of ring vortices arising from the interaction of streamwise vortices trailing from the MVG [71-76]. This phenomenon appears to be a consequence of Kelvin-Helmholtz (KH) instability. The mechanism can be simply described as follows. The MVG wake is a cylindrical region of momentum deficit which generates a high shear layer. As a result, a cylindrical inflection arise in the shear layer and causes KH instability, which results in the breakdown of the high-shear (HS) layers into vortex rings [77]. This evidence is obtained by UTA LES team through high-resolution large eddy simulations in 2009 [73, 74]. This new LES finding was confirmed by experiment [76, 77]. In their computation and experiment, the inflow is fully developed turbulent, and the breakdown of KH instability was found to strongly depend on the momentum deficit, the inflow turbulence level and the Reynolds number. As a parenthetical note, Blinde et al. [52] suggested hairpin vortices instead of vortex rings.




      To effectively apply MVGs for controlling SBLIs, it is necessary to well understand the physics. Three issues which should be clarified are listed as follows:




      

        	What are the structures of the wave system generated by a MVG? In previous studies, only information about the two-dimensional structures was available and confirmed by experiment.




        	What is the relation between the flow structure and the momentum deficit and where is the low-speed fluid from?




        	Are there any new mechanisms on the pronounced transportation and exchange of momentum by streamwise vortices?


      




      The new numerical, experimental, and analytical study at UTA has yielded a new mechanism and follow-on work should examine the detailed vortex structure downstream of the MVG, conditions that influence Kelvin-Helmholtz stability and ring generation, kinematics and dynamics of vortex rings, vortex ring/shock interaction, unsteadiness and separation zone dynamics arising from vortex ring/shock interaction induced by a ramp and a cylinder.


    




    

      1.3. SOME NEW FINDINGS BY LES AND EXPERIMENT




      A number of new findings are obtained through recent LES study and confirmed by experimental in University of Texas at Arlington and supported by US AFOSR. These new findings can be described below.




      

        1.3.1. Detailed Flow Structures around MVG




        Flow structures around MVG (Fig. 1.2) found by our LES and experiment show the same qualitative agreement. Major features include: (a) leading-edge separation, (b) 5 pairs of trailing vortices and (c) spiral foci at the trailing edge of the MVG, (d) K-H instability and vortex ring generations by momentum deficit caused by MVG.
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Fig. (1.2))


        Side view of surface streamlines.
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Fig. (1.3))


        Top view of surface streamlines.
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Fig. (1.4))


        Enlarged top view of surface streamlines.



        Leading edge separation is found by both LES and experiment (Figs. 1.2-1.4). Such three-dimensional separation gives rise to a horseshoe vortex system which can be revealed by surface streamlines, numerically or experimentally [75]. The primary difference between the numerical and experimental result is the geometric scale due to the lower Reynolds number of the numerical simulation.


      




      

        1.3.2. Spiral Points around MVG




        The complete separation topology has been obtained by UTA LES [73, 79] and supported by UTA experiment [75]. The structure can be explained in the following. The flow passes the MVG surface and generates a pair of strong primary trailing vortices, one on each side of the MVG. The strong primary vortices generate two pairs of secondary vortices, one on side surface of the MVG and one on the surface of the flat plate. The two secondary vortices on each side travel for a very short distance before being separated from the surface to form a complex three-dimensional trajectory under the influence of the strong primary vortex. Further, the strong primary vortices continue their travel and induce a new pair of secondary vortices.
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Fig. (1.5))


        Side view of the flow structure on MVG surface and surrounding area.
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Fig. (1.6))


        Top view of spiral points behind MVG.
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Fig. (1.7))


        Schematics of two different vortex structures.
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Fig. (1.8))


        Mushroom-shaped structure (Li and Liu [72]).



        After analyzing our LES and experimental results, we present a new flow structure consisting of five pairs of trailing vortices (Fig. 1.7a): a horseshoe vortex generated by leading edge separation, a pair of primary trailing vortices, two pairs of secondary vortices as also observed previously, and a new pair of secondary vortices after the spiral points. This structure is consistent with topological rules [80]. Current model differs from that of Babinsky in two aspects: one is that the first secondary vortex should be two pairs not one, i.e., one is generated by the MVG side surface and the other by the plate; the second is that the original secondary trailing vortex must be lift up from the wall surface. This will lead to an end of surface separation through a spiral point in our surface visualization (Figs. 1.5-1.6). More discussions will be continued in Section 1.7.


      




      

        1.3.3. Mechanism of Momentum Deficit Formation




        The momentum deficit behind the MVG was observed by Babinsky et al. [51] and re-confirmed by the computation of Ghosh et al. [55] and Lee et al. [61]. In the region near the MVG, the shape of deficit in cross-section appears like a circle, which was connected with a root coming from the boundary layer, appears as a mushroom shape (Fig. 1.8). Underneath the head of the mushroom, there are two regions with high value of streamwise velocity. Babinsky held the view that the deficit showed the wake of the MVG. Lee et al. mentioned in their study that “a larger tube has two counter-rotating vortices inside which is created by two vortical tubes”.




        What is the relation between the flow structure and the momentum deficit? Where is the low-speed flow from? Few studies provide a clear explanation about the deficit up till now. Someone might suppose that the momentum deficit behind the MVG is generated by streamwise vortices through entraining the low-speed fluid from the bottom of the boundary layer out to form a mushroom structure (Fig. 1.8). However, further investigation by UTA LES finds that the momentum deficit mainly comes from the low speed zone. The fluid of boundary layer which passes over the MVG is entrained by the streamwise vortices to generate the circular structure (Fig. 1.9). This is clearly demonstrated by tracking the streamlines around the deficit region of the boundary layer. The low momentum fluid with reduced streamwise velocity forms the momentum deficit. This momentum loss is essentially caused by the boundary layer ahead of the MVG.


      




      

        1.3.4. Recompression Shock Structure Around MVG




        Fig. (1.10) shows the three-dimensional recompression shock envelopes around the MVG. The arc shape of the recompression shock grows downstream. The re-compression shock wave is not an integrated one initially, i.e., the top or head of
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Fig. (1.9))


        Side view of the flow structure on MVG surface and surrounding area by UTA LES.



        the shock is separated from the lower part or leg, and afterwards the head and leg are connected. The curved shock creates entropy and vorticity via Crocco’s theorem. Further, the misalignment between the density and pressure gradients creates baroclinic torque which is tentatively suggested to add to the vorticity in the MVG wake.
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Fig. (1.10))


        Surface pressure and shape of re-compression shocks at three stations behind MVG by UTA LES (light blue color represents lower pressure).

      




      

        1.3.5. Kelvin-Helmholtz Instability and Generation of the Vortex-Ring in MVG Wake




        The inviscid Kelvin-Helmholtz (KH) instability is a well-known instability existed in shear layers [77]. In our case, we believe that the momentum deficit in the wake of the MVG will generate a cylindrical shear layer that breaks down into a train of vortex rings (also known as vortex loops). The train of vortex rings at low or high speed exhibit complex behavior of leapfrogging and merging, as evidenced from animations of both the LES and experimental images [81-84].




        As verified by computation and experiment, the MVG will generate a deficit of the streamwise velocity. The deficit appears to be roughly circular in cross section and has strong streamwise velocity shear in its deficit boundary (Fig. 1.11). An examination of the streamwise velocity distribution reveals inflection points within the shear layer at the boundary of the deficit (Figs. 1.12 and 1.3). The inflection points cause the shear layer to become unstable to produce ring-like vortices (named by Kerswell [85]) (Fig. 1.14). Hence, vortex rings are generated within the shear layer and have strong interactions with the flow. In order to visualize the vortex rings, the iso-surface is drawn using the so-called λ2 introduced by Jeong and Hussain [86] in1995, which is the second eigenvalue of the 3×3 matrix comprised of velocity gradient Mij
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a. Schematic of new five pairs of vortices given by UTA LES and experiment.

b. Schematic of three pairs of trailing vortices given by Babinsky at NASA SBLI Workshop in 2008.
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