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Rotating Wing Dynamic Stall: State of the Art and Future Directions

Dynamic stall has been studied for more than fifty years; in the last decade significant advances have been accomplished in the understanding, prediction, modeling and control of dynamic stall on rotors. In September 2019, an Army Research Office-funded workshop was held at the Georgia Institute of Technology to evaluate the state of the art and future directions in the understanding and control of dynamic stall found on rotors, specifically for vertical lift vehicles. Approximately forty attendees drawn from top experts in the field to graduate students convened to discuss experimental, computational, theoretical, and control research in the field over a two-day period. This paper provides a summary of the findings from this workshop, including a synopsis of best practices for experiments and first-principles-based computational prediction of rotor dynamic stall. Experimental data sets are discussed, as well the direction of research for empirical (non-first-principles) modeling and control of dynamic stall.

INTRODUCTION

In September 2019, an Army Research Office-funded workshop was held at the Georgia Institute of Technology to evaluate the state of the art and future directions in the understanding and control of dynamic stall found on rotating wings, specifically for vertical lift vehicles. Approximately forty attendees (Fig. 1) drawn from top experts in the field to graduate students convened to discuss experimental, computational, theoretical, and control research in the field over a two-day period. Attendees of the workshop included representation from the US Government (ARL, CCDC, ARO, NASA), Academia (Georgia Tech, Univ. of MD, Ohio State Univ., Lehigh Univ., Washington Univ,, Univ, of CO, NC State Univ., Embry-Riddle, Auburn Univ.) and industry (Continuum-Dynamics, Boeing). Researchers from outside the United States included the United Kingdom (Univ. of Glasgow), France (ONERA), Germany (DLR, Univ. of Stuttgart), Switzerland (EPFL), and Brazil (Univ of San Paolo). Because of conflicts, some experts were unable to attend, but provided inputs that were essential to the discussions (e.g., Illinois Inst. Tech., Univ. of Cambridge, Univ of AZ, AFRL, Univ of Buffalo, Univ of Glasgow, ONERA, etc).

The workshop focused on a holistic view of dynamic stall for rotating systems. The US Army addressed the historical and current importance of dynamic stall in design for traditional and future vehicle categories. The issue of dynamic stall was evaluated from four major viewpoints: experiments, highfidelity computations, theoretical evaluations with comprehensive/design modeling, and control of dynamic stall. Each of these four focus areas was introduced by a one-hour joint keynote by multiple leaders in the field who addressed the history of and current state of the art. These keynote addresses were focused on all research, not simply that of the presenters. These findings were augmented by short talks (vignettes) by other attendees on topics of ongoing research that is not directly applicable to rotating system dynamic stall or address a gap in the current state of the art in rotating system dynamic stall. This ensured that the scope of the workshop included new ideas from young researchers and overlap from the fixed wing and wind energy communities. Significant time in the workshop was devoted to panel discussions led by the keynote speakers. Typical discussion topics included: What is the next step in dynamic stall research? Are we done? What experiments are still needed? What measurements are needed for CFD validation? What gaps are still found in computational and theoretical approaches? Is there a realistic path for onblade control? What is the best approach to transitioning rotorcraft dynamic stall knowledge to other fields such as fixed wing, wind energy, and propulsion (engines/propellers)?

This workshop was designed to gather the details of these advances and to impart to the broader community the current state of the art in the understanding and prediction of rotorcraft-related dynamic stall. A more general paper describing dynamic stall presentations from this workshop can also be found in Ref. [START_REF] Smith | An Assessment of the State-ofthe-Art from the 2019 ARO Dynamic Stall Workshop[END_REF].

BACKGROUND AND MOTIVATION

Classic dynamic stall is an unsteady aerodynamic phenomenon resulting from the combination of high angles of attack and a rapid angle of attack change of a lifting surface during which the flow separates and then later reattaches. Rotor dynamic stall is characterized by complex flow field phenomena including shear layers and vortices that interact with one another and the rotor (Ref. 2), and it can be triggered by large angle of attack excursions, blade-vortex interaction, and shocks (Ref. [START_REF] Richez | Analysis of Dynamic Stall Mechanisms in Helicopter Rotor Environment[END_REF]). The ability to predict dynamic stall and mitigate it within the flight envelope is necessary to improve upon current safety standards and to apply it to new designs. Rotor dynamic stall has been studied for more than fifty years; in the last decade significant advances have been accomplished in the understanding, prediction, modeling and control of dynamic stall on rotating wings.

Quantitative predictors of dynamic stall are not readily available for new rotor design needed for the U.S. Army's Joint Multi-Role (JMR) helicopter program (Ref. [START_REF] Bailey | Joint Multi-Role Technology Demonstration (JMR TD) Mission Systems Architecture Demo[END_REF] or future vertical lift civilian (Ref. [START_REF] Johnson | Requirements for Next Generation Comprehensive Analysis of Rotorcraft[END_REF] initiatives. The ability to predict dynamic stall and eliminate it from the flight envelope is necessary to improve upon current safety standards. Dynamic stall behavior in rotorcraft applications is dependent on a large variation of conditions, and its complex and nonlinear behavior has been the focus of much research, including experimental and computational efforts. It is prohibitively expensive to run experiments, and current lower fidelity numerical analysis is not sufficient to capture the details of dynamic stall (Ref. [START_REF] Johnson | Requirements for Next Generation Comprehensive Analysis of Rotorcraft[END_REF]) so computational fluid dynamics (CFD) or computational fluid dynamics-computational structural dynamics (CFD-CSD) analyses have also been investigated (for example, but not limited to Refs. [START_REF] Richez | Analysis of Dynamic Stall Mechanisms in Helicopter Rotor Environment[END_REF][START_REF] Jain | High-resolution CFD Predictions for the Static and Dynamic Stall of a Finitespan OA209 Wing[END_REF][START_REF] Hodara | Collaborative Investigation of the Aerodynamic Behavior of Airfoils in Reverse Flow[END_REF]. These issues are also true when considering Urban Air Mobility (UAM), where very novel designs that include vertical lift are proposed. In UAM applications, urban environments where the flow includes large transients and gusts (Ref. [START_REF] Moushegian | Analysis of a Wing Moving Through a Nonlinear Gust (Special Session)[END_REF]) can trigger dynamic stall through new mechanisms. The ability to predict the onset of dynamic stall, to avoid or control it will be key to both military and civilian applications. Thus, this workshop will aid the goals of maturing the skillsets and tools required to design, analyze, predict, and evaluate the next generation of rotorcraft (Ref. [START_REF] Johnson | Requirements for Next Generation Comprehensive Analysis of Rotorcraft[END_REF]) which is true for UAM and FVL efforts.

EXPERIMENTS FOR DYNAMIC STALL

Experiments in dynamic stall fall into two categories: the investigation of the physical phenomena associated with dynamic stall and the development of databases for high-fidelity computational validation. While these experiments are not mutually exclusive, the requirements for validation experiments are typically too detailed to include in investigational experiments. Since the advent of high-fidelty, first-principles modeling in the design of experiments, significant advances in the quality of the experiments have been made, particularly in the selection of sensor positioning, and in the understanding of how the discrete sensor positioning affects the comparisons between experiment and CFD. This also involves the selection of a very reduced set of sensors to monitor the airfoil stall state, where the leading edge suction pressure (LESP) is still the current standard for predicting separation (Ref. 9), as also assumed by Ref. [START_REF] Leishman | A Semi-Empirical Model for Dynamic Stall[END_REF]. However the CFD computations of experiments have also made previously underexplored systematic errors due to the mounting and wind tunnel interference painfully clear, resulting in a reevaluation of the role of experimentation in the development of an understanding of dynamic stall.

Poor understanding of the overall phenomenon can result from requiring too many variables to be controlled, and from the weakness of the term "Dynamic Stall" as too broad. Particularly for simple experiments, more precise definitions and clarity of taxonomy is required, as even the current subclassifications of "light stall" and "deep stall" are understood differently by each working group and have evolved over time.

Basic Experiments

Many of the very basic investigations of the dynamic stall phenomena are currently using simple experiments, mostly at low Reynolds numbers. Examples were shown for vortex formation on surging airfoils for reverse flow modeling (Ref. 11), gust encounters for flat plates (Ref. 12) and for a simple rotating wing (Ref. [START_REF] Carr | Aspect-Ratio Effects on Rotating Wings: Circulation and Forces[END_REF]). This kind of experiment is often characterized by very good experimental quality, and in some cases, a direct comparison with classical theory can be undertaken, for example for Ref. [START_REF] Gehlert | Linking the Unsteady Force Generation to Vorticity for a Translating and Rotating Cylinder[END_REF]. Examples of these are shown in Fig. 2. Researchers noted that there is a strong trade-off between the quality of the experiment and the relevance of the test case to industrial flows, which continues through the other types of experiments presented. Despite this, the simple experiments deliver a dynamic stall vortex as a single coherent leading edge vortex which is developed through a roll-up of the upper surface boundary layer and a number of smaller vortices. A force decomposition into circulatory and non-circulatory components including an added mass term is expedient, see for example Refs 15 and 16. Remaining problems include creating reliable definitions for the extent of the leading edge vortex, and how to define its shedding, strength and trajectory. 3. Most commonly the airfoil is pitched with a sinusoidal motion (although variants and ramps also exist), and it is assumed that the airfoil is so stiff that a structural model is not necessary. The geometry is assumed to be well known, and there are a large number of helicopter data sets, and the literature is increasing with many newer data sets for wind turbine airfoils. It is noted that the comparison between different airfoils in the same test rig (A-B comparisons) are probably considerably more accurate than the absolute values. A very large number of pitching rigs exist, so that an exhaustive review would be impossible, even restricting the tests to recent years. In the workshop, pitching airfoil experiments were assumed to belong to the group of basic investigations if the Reynolds number was significantly below 500,000.

Examples exist at • And many, many more

The experiments vary very widely in the quality of:

• Sensor discretization and response;

• Pitching angle control and airfoil stiffness (bending and torsion); The participants noted that the large number of pitching airfoil experiments have resulted in a good basic understanding of the dynamic stall process under many conditions, particularly as to the types of flow features to be expected, particularly for incompressible flow without shocks and for Reynolds numbers on the order of several hundred thousand. In these cases, the "typical" low-speed dynamic stall is seen, which results in a rapid drop in lift with a large hysteresis loop, and a short-duration impulsive peak in pitching moment followed by smaller secondary peaks and a negative pitching moment in stall. The use of pitching airfoil experiments at Reynolds numbers over 500,000 have resulted in the discovery that the dynamic stall vortex consists of various small scale coherent structures which are produced near the airfoil surface and are then "rolled up" into an off-body structure, making surface processes in the boundary layer important (Ref. [START_REF] Melius | The Role of Surface Vorticity During Unsteady Separation[END_REF]). The dynamic stall onset has its origin at the leading edge for low Reynolds numbers and older airfoil forms, but for newer airfoil geometries designed for laminar flow (for example the OA309) the initial stall is further back on the airfoil, around the point of maximum thickness of the airfoil. Additionally the stall on these airfoils is affected by the extent of the laminar boundary layer upstream of the stall point. It was noted that a point on which only limited research is available is the change from "trailing-edge stall" at low frequencies to "leading edge stall" at higher frequencies, as notable in the different force curves (sharp vs slow roll-off on lift). Many helicopter airfoils observe leading edge stall, where much of the existing literature (thicker (>12-15%) wind turbine airfoils or slower pitching) has resulted in trailing edge stall data, as also noted in the primary assumption of trailing edge stall in the Leishmann-Beddoes dynamic stall model. An additional area in which limited data is available is for Mach numbers higher than M=0.4, where shock-induced dynamic stall is produced by separation at the shock position, resulting in a shock-buffet type stall, with circulation shedding through a small-vortex shear stream rather than a single dynamic stall vortex. These flows are characterized by increasing pitching moment with increasing angle of attack instead of low Mach number pitching moment peak. In particular, dynamic stall control methods which are advantageous for low Mach numbers have serious problems when applied to higher Mach numbers. Up to now, only the variable droop leading edge and blowing from portholes have been able to control dynamic stall at Mach numbers where a shock is produced without producing negative effects. Airfoil design for dynamic stall quickly runs into issues with competing requirements on the advancing blade, but there are still some areas to explore with respect to natural transition. It appears that some typical compromise airfoils designed for both the advancing blade and hover have some inherently bad attributes related to dynamic stall for the case of natural transition, due to the inclusion of sharp leading edges. This is a similar problem as the gust stability problem for natural laminar flow airfoils applied to fixed-wing aircraft. Despite this, the pitching airfoil is still a valuable test platform to improve the understanding of flow phenomena which are difficult to treat using CFD. This includes non-standard pitching/plunging motions, through which it can be shown the pitching rate of the airfoil at the point of flow separation is a critical parameter (Refs. [START_REF] Mulleners | Dynamic Stall Development[END_REF][START_REF] Culler | Developing a Reduced Order Model from Structural Kinematic Measurements of a Flexible Finite Span Wing in Stall Flutter[END_REF][START_REF] Fagley | Cyber-Physical Flexible Wing for Aeroelastic Investigations of Stall and Classical Flutter[END_REF]. Non-standard pitching motions and variation of the freestream Mach number result in interesting but poorly understood dynamics (Refs. [START_REF] Gardner | Experimental Investigation of Dynamic Stall Performance for the EDI-M109 and EDI-M112 Airfoils[END_REF][START_REF] Naigle | Experimental Modeling of Compressible Dynamic Stall in Unsteady Flow through Interpolation of Phase-Matched Conditions in Steady Flow[END_REF], but matching the the pitching rate of the airfoil and the Mach number at the point of flow separation (neither of which is known apriori), result in good comparability with constant inflow and sinusoidal pitching.

•
Many investigations have shown that extending the understanding of dynamic stall from an analysis of the fully attached flow into an analysis of the turbulent and separated flow is possible using statistical techniques. The analysis of cycle-to-cycle variations has showed that an impressive improvement in the understanding of flow processes particularly for light stall test cases (Refs. [START_REF] Ramasamy | Characterizing Cycle-To-Cycle Variations in Dynamic Stall Measurements[END_REF][START_REF] Ramasamy | Data-Driven Optimal Basis Clustering To Characterize Cycle-to-Cycle Variations in Dynamic Stall Measurements[END_REF], and the use of POD to group cycles with similar aerodynamics is also possible (Ref. [START_REF] Nikoueeyan | Experimental Assessment of an Airfoil Optimized to Delay the Onset of Dynamic Stall[END_REF]. It has been shown that using an unsuitable statistical technique for these types of flows (of which phaseaveraging is one), can result in 30% errors in the estimate of the force and moment peak heights.

Other investigations have shown that POD based data driven clustering produce reliable/repeatable/explainable re- 

Pitching Finite Wing

The finite wing, see Fig. As noted by many authors, see Fig. 6, the three dimensional dynamic stall results in a typical horseshoe-shaped W-vortex, which propagates downstream at different rates depending on its position. Although many investigations of this vortex have been performed on wings of relatively low aspect ratio, where for static stall only a single stall cell is to be expected, on large portions of the finite wing is qualitatively similar to that observed in 2D and occurs nearly simultaneously over the entire span (Ref. [START_REF] Lorber | An Oscillating Three-Dimensional Wing Experiment: Compressibility, Sweep, Rate, Waveform and Geometry Effects on Unsteady Separation and Dynamic Stall[END_REF], meaning that a quasi-2D assumption is probably realistic for a range of rotor flows. Important to note, however is that 3D dynamic stall can produce similar integral force time histories to 2D dynamic stall, but the physical mechanisms are very different. Thus only investigating integral forces will result in basically erroneous conclusions (Ref. 61). However this observation does go some way to explain the phenomenal success of the Leishman-Beddoes dynamic stall model (Ref. 10) for a range of strongly 3D flows where success should not have been expected. From experiments with a swept finite wing it can be noted that the effect of sweep is to delay stall to a higher pitching angle and increase maximum (sweep angle normalized) lift for both static polars and dynamic stall. Negative aerodynamic damping is worse for the swept wing than for the unswept wing, except where the delay of stall leads to the flow remaining attached.

A large number of finite wing experiments have been performed, and have been lately used for code validation of dynamic stall without rotation. Datasets which could be identified include:

• DLR: DSA-9A + Parabolic Wingtip; EDI-M109/EDI-M112 with ERATO planform (Airfoil not freely avail-able); • ONERA: C300-3D (equipped with OA209 airfoil and a simple wingtip); • UTRC: Sikorsky SSC-A09 + simple wingtip; • NASA: NACA0015; • US Air Force Academy: NACA0015.

Elastically Stiff Rotors

More recent experimental data from rotorcraft experiments have focused on studying the entire rotor disk and interactions that cause dynamic stall. Airfoil experiments are no longer sufficient for high-fidelity computational validation and simple rotor experiments can help with further validation efforts. DLR for example, advocates the study of a rigid rotor as an intermediate step to remove the uncertainties associated with aeroelasticity. Their new rotor rig has yielded new datasets for study of vertical flight regimes (climb and descent). Conversely, flexible rotors in forward flight include aeroelastic effects so that separation/dynamic stall that are not constrained to the classic dynamic stall mechanisms can be studied, see a further discussion in the next section.

For producing an experiment which can be well reproduced in CFD, the elastically stiff rotor offers a midpoint between the finite wing and the flexible rotor. Finite wing experiments capture 3D effects, but without the overhead of computing the downwash produced by rotor flow and computations have often passed the initial transient phase after half a pitching cycle, with less wind tunnel interference than the 2D airfoil. However they are complex experiments with limited applicability, but very high data quality. Small-scale stiff rotors offer simplicity in comparison with computations, due to the ability to compute the test cases using prescribed motion, and no coupling with a structural code or trim code is needed. Potentially they offer operation into deep dynamic stall, which is difficult for flexible rotors due to a requirement for aerodynamic trim of the forces. However a reduction in the measurement quality is seen due the transfer into the rotating system making the 3D flow difficult to properly visualise. Additionally many small experiments have low aspect ratio, low Reynolds number (and often low Mach number), and hubs/mounts which are very bulky when compared to full-size equivalents. Alternatively, flexible rotors in the wind tunnel offer much more realistic aspect ratios and slender blades with higher Mach and Reynolds numbers. However very few test cases exist (GLMWT, 7A/7AD, UH60A, GOAHEAD), and computing them requires accurate structural models, and often full modeling of the mount and wind tunnel walls.

The main datasets which could be identified include: Two main approaches are used with the stiff rotor, see Fig. 7.

The RTG uses axial inflow from an Eiffel wind tunnel to produce an effect similar to a pitching airfoil in the rotating system, so that the blade Mach number is a function of radius only (similar to a hovering rotorcraft), but the blade angle of attack is a function of azimuthal position, varying once per cycle. This results in a flow situation where extensive data can be acquired for both stalled and fully attached flows for low cost (Refs. [START_REF] Schwermer | A Novel Experiment to Understand the Dynamic Stall Phenomenon in Rotor Axial Flight[END_REF][START_REF] Weiss | Unsteady Boundary-Layer Transition Measurements and Computations on a Rotating Blade Under Cyclic Pitch Conditions[END_REF], and where the aerodynamics of the rotor is well approximated by CFD computations assuming an isolated rotor in a farfield boundary (Ref. [START_REF] Letzgus | Numerical investigations of Dynamic Stall on a Rotor with Cyclic Pitch Control[END_REF]). On the other hand, the Georgia Tech High Advance Ratio Facility (HARF) uses a stiff rotor to investigate rotors at very high advance ratio with dynamic stall (Ref. 66).

Flexible Rotor in the Wind Tunnel

Flexible rotors, such as the French 7A and 7AD rotors and the US UH-60A rotor in forward flight require a structural model to be computed, and a trim loop to trim the rotor, and are thus significantly more computationally complex than the stiff rotor. Both the stiff rotor and the elastic rotor have their advantages, but for the flexible rotor, the actual flight conditions, blade shapes, and structural properties must be captured for high-fidelity computational validations. For a well-defined rotor, such as the UH60A, a (relatively) good capture of forces is to be expected using CFD, and large bending and torsional moments are seen for high advance ratio, low RPM conditions, even under minimal thrust levels with over 5 of peak-to-peak elastic twist.

On rotors the onset of retreating blade stall is accompanied by elastic flap motion coupled to the primary torsional blade response, especially near the tip with the 3rd flap mode shape. This makes extracting the root cause very difficult. It is very important to be able to isolate the pitching moment caused by the dynamic stall vortex from the pitching moment inherent in the unsteady aerodynamics including apparent mass effects with high flap rate. In non CFD coupled modeling (for example dynamic inflow+Leishman Beddoes) these effects are more easily tracked, but in CFD/CSD coupled models there is no way at present to extract all of the details about what exactly is contributing to the pitch link loads.

The dynamic stall vortex is observed to be more compact than for a pitching airfoil and the rotational motion of the rotor has a stabilizing effect on the formation and convection of the dynamic stall vortex. As shown by numerical computations (Ref.

3), in the rotor environment dynamic stall is triggered not only by high angles of attack, but also by vortex interactions, and in addition to the classical blade vortex interactions, also multiple vortices are shed when reverse flow is present, some of which may result in BVI, as can the dynamic stall vortices themselves. Dynamic stall can lead to strong aerodynamic flutter and the typical double-hump local aerodynamic angle of attack progressions.

High speed rotors (high advance ratio) do experience dynamic stall on the retreating side in reversed flow, but it is more 3D than on conventional rotors, with radial flow playing a strong role. The loads generated by the stall in reversed flow are at low dynamic pressure, meaning that their impact on pitch link loads appears minimal in terms of pitching moment; however the impact on radial forces and drag are poorly understoodespecially when coupled to a lag damper or a rigid rotor with pitch/flap coupling.

The datasets for a flexible rotor in the wind tunnel include:

• 

Future Directions

Much of the discussions centered on if there is a database that is sufficient for high-fidelity computational validation. The ability to capture the deflections and flow field in the rotating frame presents challenges that need to be resolved. Both DLR and Auburn University researchers described systems to capture the rotating frame accurately, but at costs that are not prohibitive to university-level efforts. A major action item remains to develop an experiment or a series of experiments that can serve as validation for current and future numerical methods.

It was noted that experiments with identical operating conditions on the same airfoil (pitching/plunging, finite fixed-wing, and rotating-wing) to separate the contribution of each effect on dynamic stall are desirable. DLR has some of these experiments, including:

• DSA-9A pitching airfoil M=0. 

HIGH-FIDELITY COMPUTATIONS FOR DYNAMIC STALL

High-fidelity first-principles modeling, otherwise known as Computational Fluid Dynamics (CFD) modeling, of the rotorcraft blade dynamic stall is a challenging problem as it not only involves 3D, unsteady flow separation but also a complex flow environment that has radially and azimuthally varying blade section Mach number, blade-vortex interactions, and CFD modeling of dynamic stall for rotorcraft entails solving 3D, unsteady, compressible Navier-Stokes equations. CFD offers first-principles-based modeling that minimizes empiricism but incurs increase in computational cost. For accurate capture of the phenomena mentioned above, adequate spatial and temporal grid resolutions and turbulent modeling is a critical requirement. Initial CFD studies employed 2D URANS form of these equations with one-or two-equation turbulence models on pitching airfoils. Over the years, as computational power grew rapidly, 3D airfoils were modeled and the significant flow variations in the span direction were shown, illustrating that while 2D flow assumption is adequate for the attached flow regime, 3D modeling is necessary to capture the spanwise flow that is inherent in stalled flows. The authors carried out CFD studies on 2D airfoils, 3D wing, and rotor blades under a multi-year collaborative research initiative as part of the US/French Project Agreement on Helicopter Aeromechanics. The partners involve the U.S. Army CCDC AvMC and Georgia Institute of Technology (GIT), and ON-ERA from the French side. The works of the authors are presented in the sections below along with references to other similar works from which the authors learned and leveraged their findings.

2D Airfoil Studies

Due to the large computational cost associated with 3D 

Rotor Studies

The ultimate payoff from CFD modeling is the ability predict the stall behavior of the installed rotor blades in presence of the full helicopter under realistic flight conditions, which cannot be easily achieved with other modeling approaches. Compared to airfoils or wings, helicopter rotor blades encounter a wide range of aerodynamic conditions -radial and temporal variation of effective freestream, radial flow, centrifugal effects; transonic flow with limited angles of attack on the advancing blade to low subsonic flow with large angles of attack on the retreating blade in forward flight; and interaction of the blades with tip vortices (BVI). The blades also undergo significant rigid motions and elastic deflections including both torsional and flapping. Hence CFD solution must be carried out in conjunction with CSD (Refs. [START_REF] Potsdam | Rotor Airloads Prediction Using Loose Aerodynamic/Structural Coupling[END_REF][START_REF] Ahmad | Code-to-Code Comparison of CFD/CSD Simulation for a Helicopter Rotor in Forward Flight[END_REF]. Under high blade loading, high thrust conditions, and maneuvers, the rotor blade encounters angles of attack above the static stall angle and leads to unsteady flow separation on the retreating blade, i.e., dynamic stall. It can cause high vibratory torsion loads and lead to structural fatigue and damage, and degrade the control and handling qualities of a helicopter. Hence it is These first steps motivated revisiting rotor dynamic stall, in particular with refined grid resolution and advanced turbulence modeling, under the US/France research collaboration. In this collaboration, the authors studied two rotors -1) a model-scale 7A rotor, and 2) a full-scale UH-60A rotor.

7A Rotor This study investigated the stall behavior of the 7A rotor, which is model-scale, four-bladed, fully articulated rotor system. In 1991, the 7A rotor was extensively tested in the ONERA S1MA transonic wind tunnel, a closed-circuit tunnel with a maximum speed near Mach 1 (Fig. 16). The 7A rotor has a radius of 2. 101. The computed wake in Fig. 17 illustrates the separation on the retreating side. The computed airloads were compared against the test data at the available span station. In general, the agreement between different solvers was very good. Agreement with the test data was satisfactory. The azimuthal location of stall initiation was accurately predicted. However, the extent of post-stall regions were predicted differently by the three solvers. As an example, blade section loads at an outboard station, r/R = 0.915 is shown in Fig. 18. A map of the separation location over the rotor disk is presented in Fig. 19 which clearly identifies the various separation regions. A BVI induced separation leads to a trailing edge separation inboard, followed by a leading-edge separation outboard which induces a subsequent leading-edge stall, which could also be influenced by BVI. One of key findings of this study was that transition modeling had a minimal influence even as the rotor was model scale with hover tip Reynolds number of 1.7 million. This conclusion was in contrast to the study of the The thrust sweep test data indicates that rotor stalls between C T /s = 0.11 (4535, pre-stall) and 0.12 (4536, post stall)

where the power increases sharply with little change in thrust.

As depicted in Fig. 20, this trend is correctly captured by CFD/CSD simulations. The stall also manifests as a sharp increase the torsion moment, which is also captured by simulations, as shown in Fig. 21. Helios/OVERFLOW predicts the stall slightly early compared to elsA and OVER-FLOW/CHARM. OVERFLOW/CHARM (Refs. 104, 105), with a significantly reduced mesh size compared to the full CFD simulations, is able to predict the behavior comparably except at the highest thrust case (4537). For case 4537, a more refined mesh is necessary.

As with the 7A rotor, various separation mechanisms are present as shown in Fig. 22 for the case of C T /s = 0.11 (test point 4536). The first stall event in the mid-span region in the front of the disk is triggered by BVI. However, unlike the 7A, this is a leading edge stall. Followed by this is a leading-edge separation in the outboard region of the retreating blade and a secondary stall events induced by the torsion response of the blade. The computed wake showing stalled flow is illustrated in Fig. 23.

To summarize, high spatial and temporal resolutions along with two-equation SST model with DDES modeling, established over the years of research, seem to perform satisfactorily in capturing the key trends in stall. However, the main roadblock to a routine industry-wide adoption of this level of modeling remains to be the simulation cost and turnaround times which is a few days to a week. Future research on cost reduction strategies should be sought that would drastically reduce the times, such as the dual-solver approach with OVERFLOW/CHARM. 

COMPREHENSIVE CODE MODELS

Lower-order, theoretical models of dynamic stall have received much attention during the past two decades. Virtually every comprehensive rotor solver used in rotorcraft (and wind energy) applications today has some form of lower-order They can be used in real-time flight simulation, in the design and application of control laws (e.g., as part of a dynamic observer), as a fast preliminary-design tool, or as a tool to inform researchers where the most promising experimental or CFD cases might be made to increase our understanding. These lower-order stall models are based, primarily, on unsteady, aerodynamic theories -combined with a significant amount of empirical tuning that is based on experiments or CFD runs.

The vast majority of such present models, that are presently applicable to large Reynolds number flows, can be considered Modern research into reduced-order, stall models has concentrated on ways of increasing the amount of physics in the models. In this way, the models require less empirical data and can be applicable to a larger class of applications. For example, many of these models show that static data, combined with one or two good dynamic data sets, can proved applicability over a wide range of airfoil morphing, Reynolds numbers, wing yaw angles, and unsteady free-stream velocities. It is here that high-fidelity computational data and detailed experiments can be helpful in allowing the modelers to reduce the amount of case-specific data needed.

Information on additional research that does not directly pertain to rotating systems in this area can also be found in Smith et al. (Ref. 1).

Mistakes in Analysis

The introduction of PIV experiments has been a boon to the development of reduced-order models, but analysts can often make mistakes in the application of such data or development of such models. For example, linear superposition is not applicable because dynamic stall is a very nonlinear problem. In addition, not all of the vorticity distribution on an airfoil is such that it sheds into the wake. The original ONERA model made this mistake in that it included apparent mass lift in the lift that was assumed to shed a wake. Later improvements on The reason that changes in apparent mass circulation are not shed into the wake is straightforward. If one is using a rotating, translated cylinder (or a conformal mapping of a cylinder into an airfoil) for blade lift, circulation is only conserved if the circulation within the cylinder is conserved. Mistakes have also been made when analysts failed to realize that the body kinematics play an important part in the boundary conditions on the airfoil. Use of CFD results has sometimes failed to realize that some vorticity has left the domain of the CFD analysis, and thus vorticity in the domain is not conserved, Fig. 24.

Current Endeavors-Unified Theory

The unified theory of Peters and his group at Washington Univ. (Ref. 106), is based on the block diagram in Fig. 25. This theory allows complete airfoil morphing (including leading-edge or trailing-edge flaps) with airfoil deformations expressed in terms of the natural coordinates of thin-airfoil theory, the Chebychev polynomials. The h n in Fig. 25 are the coefficients of these polynomials describing airfoil motion. The first h 0 is plunge; second, h 1 , is pitch angle, and the third, h 3 , is warping; etc.. Those combine with the induced flow and incoming flowfield to make boundary conditions for thin-airfoil theory. The thin-airfoil theory is completely general and includes Theodorsen, Wagner, Loewy, and Garrick implicitly 

Current Endeavors: Circulation-Based

Another approach to obtain a reduced-order model of dynamic stall includes the circulation-based analysis of Babinsky at Cambridge (Refs. [START_REF] Corkery | On the Development and Early Observations from a Towing Tank-Based Transverse Wing-Gust Encounter Test Rig[END_REF][START_REF] Gehlert | Linking the Unsteady Force Generation to Vorticity for a Translating and Rotating Cylinder[END_REF]111). This experimental work, in collaboration with the CFD work of Smith at GT (Refs. 8, 112), seeks to understand how and where unsteady separation occurs. Then, it decomposes the forces so that researchers can The computational part of the work uses CFD to permit rapid analysis of the sensitivity to scaling and similarity parameters.

The CFD employs LES and hybrid RANS-LES to understand the limitations of various approaches. Figure 29 shows a typical lift coefficient and circulation predicted in the high-fidelity computations when a large separation-inducing transient is introduced, illustrating that the traditional Küssner theory is no longer valid. As the relationship of experimental and computational predictions is better understood, the current effort is focusing on the development of a low-order model to determine the wing behavior during the transient flow separation.

It is hoped that this can lead to practical applications of how to predict the aerodynamic behavior during gust encounters and BVI that can trigger dynamic stall.

Current Endeavors: Leading-Edge Vortex Analysis

The next area to be considered is the general class of Leading-Edge Vortex (LEV) analysis. The methodology of Gopalarathnan (Ref. 114) is to combine CFD with experiments to develop a method that can be fast enough for design and simulation. His approach uses the leading-edge suction parameter to predict the shedding of vorticity. The method thus far has been used only on airfoils at low reduced frequencies, but the results look very promising, as seen in Fig. 31 where his method is compared with high fidelity computational data.

Ringuette (Ref. [START_REF] Carr | Aspect-Ratio Effects on Rotating Wings: Circulation and Forces[END_REF]) is using experimental methods to examine the vortex strength. He considers a single, tilted loop that includes the attached vorticity, the tip vortex, the trailing-edge vortex, and the root vortex, as illustrated in Fig. 31. A momentum balance gives the loop circulation and the tilt angle. The questions to be answered deal with: 1) how rotational acceleration impacts the predictive capabilities based on loop properties, 2) how does one predict the strength and separation of the dynamic stall vortex, 3) why does suction force drop 

CONTROL OF DYNAMIC STALL

On-blade control of separation and dynamic stall has been the subject of significant research over the past two decades, in particular. Most of the control mechanisms are active, including fluidic flow control (e.g., blowing, suction, synthetic jets, bleed, etc.), piezoelectric actuators, and plasma actuators. The issue for most of these approaches has been the scaling of the actuation methods to the full-scale vehicle, and the cost of the power requirements. Another issue is the difficulty in the transfer of the power from fuselage sources to the rotating blade frame. For rotating systems, in particular for rotors on flight vehicles, control of dynamic stall is measured not in the lift control, but as a reduction in the pitching moment peak height, which will reduce the associated increase in vibratory loads.

Flow control is one of the most useful methods of understanding the aerodynamics of a flow phenomenon. Thus, flow control may be a path to understanding dynamic stall, independent of whether it leads to a practical flow control device. Of particular note to the participants was:

• Dynamic stall occurs only during transient manoeuvres with reingestion and high blade elasticity. The aerodynamic angle of attack on the rotor blade is only controllable with an accuracy ±5 in the best case:

-Thus shifting the stall angle by 1-2 is not particularly useful, and experiments which demonstrate this can be regarded to have failed. -Deep stall will always occur, and any control must address this case. The control effectiveness is measured by the reduction in pitching moment peak height.

• Static experiments which marginally shift the stall to higher angles are mostly not relevant to controlling dynamic stall, due to the aerodynamic differences between static and dynamic stall. • Older efforts, including the droop-nose and active flaps had stiffness problems and only shifted the stall to higher angles.

• For series production a dynamic stall control method has to be significantly better than a rotor redesign, however it is known from fixed-wing studies that flow control will generally not exceed the performance of a pointoptimized airfoil. Thus investigating flow control on older, symmetric, nontabbed airfoils may result in erroneous conclusions.

Active Control

Active The ability of fluidic active flow control is highly dependent on the device type and the type of stall (trailing edge or leading edge), requiring significant optimization. This research has largely been done independently without rotating system experts, with the exception of the US Army and UTRC/Sikorsky, and so the influence of rotating system dynamics and aeroelasticity have not been widely studied.

Early experiments concentrated on increasing the maximum speed of piston-engined helicopters, which are underpowered by modern standards. They used "boundary layer control", with blowing from slots near the leading edge, nothing that the maximum flight speed could be significantly increased (Ref. 125), similar wind tunnel investigations (Ref. 126), showed a significant increase in maximum advance ratio before stall. It is important to note that nearly all of the results of these early experiments have been long superseded by improvements in rotor design.

These experiments also noted several points which are still relevant:

• With cyclic control of blowing (constant blowing only on the retreating side), the same flow control result used around half the compressed air required by constant blowing. • The similarity between the flow control on a pitching airfoil and in flight was shown.

The hope of acquiring the same effect as constant blowing with lowered energy requirements has driven much recent research. Power requirements at full scale can be significant if internal high-pressure jets are needed, which can be an issue as many of the dynamic stall events occur at high thrust or during maneuvers when the additional power may not be available. COMPACT actuators offer an alternative to these internal pressure jets, as they are fueled individually, but the maintenance associated with refuelling and the higher signatures during the ignition sequence are significant drawbacks. Bleed and synthetic jets do not have these power requirements Research into the use of single dielectric barrier discharge plasma actuators for flow control was prevalent about 2005-2015 (e.g., 136-138). When a high voltage is applied, the air around the actuator ionizes and results in a body force on the flow. Actuator location can be tailored for a given application so that the body force acts to manipulate the flow in the manner desired, such as reattaching separated flows. While these actuators have the advantage of being fully electronic and can be laminated to rotors, they also include the disadvantage of increased signature and potentially limited use in some adverse weather conditions. As with the fluidic actuators, plasma actuation also provides significant lift stall delays when they are applied to the leading edges of airfoils (Refs. 136, 138). While most studies looked only at lift, Post and Corke noted that the negative pitching moment peaked was reduced in some instances. Published efforts are primarily focused on airfoils and wings undergoing classic dynamic stall behavior, and most do not consider issues associated with dynamic stall on rotating systems. As with the other active 

Passive and Cyber-Physical Controls

The discovery of a method of passive control of dynamic stall, without the associated performance and/or vibratory load penalties has been an objective in design of rotor blades for many years. Drooped nose airfoils for example increased blade stiffness and simply shifted the lift stall peak but did not address the associated vibratory loading. Leading edge vortex generators (Refs. 139, 140) have had some success on actual flight vehicles, as they provide up to 25% reduction in pitching moments in deep stall and are easy to install, even as a retrofit. The penalty is an increase in overall drag of 5-30 counts at different flight conditions. An alternative is to retract the vortex generators when not needed, and this was extensively studied by Onera, showing a significant advantage (Refs. [START_REF] Joubert | Deployable Vortex Generator Dynamic Stall Alleviation Through Experimental and Numerical Investigations[END_REF]141). For dynamic stall, when the tab pops up, it acts as a barrier to the reverse flow on the airfoil surface, and splits the dynamic stall vortex into smaller structures. It can also act as a vortex generator just prior to stall. Again, most efforts were not designed for rotating systems, and concentrate on the lift effectors. DLR (Ref. 142) did find pitching moment peak reductions of 20-25% in deep stall. The key is the sizing and positioning of the flap, which should influence the boundary layer flow without adding additional drag. Another observation during operation was that the flap opening for unwanted flight configurations provides a rearward step and flow separation, resulting in reduced aerodynamic performance for attached flow.

Cyber-Physical approaches focus on position (velocity or acceleration) feedback control (e.g., (Refs. 44, 45)) to provide early warning of the onset of the dynamic stall event, both in understanding the triggers, as well as developing the control algorithms. This approach is the most cost-effective method of controlling dynamic stall, and it is garnering significant support in both the fixed-wing and rotary-wing communities.

CONCLUDING REMARKS

This paper provides a summary of the 2019 Dynamic Stall Workshop for rotating systems held at the Georgia Institute of Technology. While the paper is not a full state-of-the-art literature survey, experts from across the globe contributed their findings, which are included herein. Full literature survey papers by teams of these experts are under development for publication in archival journals.

While dynamic stall has not been completely resolved, progress over the past decade in particular has yielded significant insight into the physics, prediction, and control of dynamic stall. Dynamic stall on rotating systems is caused not only the classic dynamic stall studied extensively with pitching airfoils, but engineers must also consider separation events due to reverse flow, blade-vortex interactions, shock-airfoil interactions, and aeroelastic behaviors.

The wealth of experience in studying these events has shown that experimentalists need to provide not only averaged data, but the cycle-to-cycle variations so that small aperiodic behavior is well understood. New measurement techniques and improved equipment can now provide details of the flow field so that true validation of numerical methods can be obtained.

High-fidelity Computational Fluid Dynamics (CFD) based on first principles have arguably made the most significant strides in the past decade. The advent of advanced turbulence and transition closures, along with improvements in high performance computing, indicate high confidence in their ability to predict of the onset of dynamic stall when best practices are used.

Researchers have likewise made important progress in the development of empirical-based methods of predicting dynamic stall. Improved pilot training and safety, as well as the development of control laws, are now possible using the Unified Aerodynamics Theory (UAT) in real-time algorithms. Approaches based on circulation and/or leading edge vortex behavior hold promise for the detailed evaluation of the physics in design applications.

While active control research for dynamic stall has had significant support in the past two decades, it is difficult to define generalizations because of the highly individualized requirements and incomplete studies of these applications on rotating systems. Both active and self-deploying passive control actuators can increase manufacturing and maintenance costs on rotating systems. Cyber-Physical-based controls are a more viable and cost-effective approach to avoid these issues, but require additional development of real-time predictions to detect the onset of dynamic stall in time to avoid it. The other active and passive control approaches still have merit, but will likely be focused on non-rotating components for drag reduction and vehicle control.

Future developments in the area of understanding dynamic stall physics will likely focus on secondary improvements to instrumentation and computational algorithms, in particular for the more complex maneuvering flight. Cyber-Physical control systems, together with a consistent, reliable approach to predict and control the onset of dynamic stall, are also an area of future research.
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 1 Figure 1: Attendees of the 2019 ARO Workshop on Dynamic Stall at the Georgia Institute of Technology.

Figure 2 :Figure 3 :

 23 Figure 2: Examples of simple experiments. (a) Simple rotating wing from Ref. 13 (b) Gust encounter for a flat plate (Ref. 12) (c) Translating and rotating cylinder comparison with classical theory (Ref. 14) (d) Surging wind oscillating into reverse flow (Ref. 11).

  Facility effects: wind tunnel sidewall and ground/roof interference, tunnel flow quality; • Contour precision, roughness and transition control; • Data acquisition: number of cycles, rate and length of acquisition; • Many experiments use relatively low inflow speeds and pitching frequencies due to operating in uncooled lowspeed wind tunnels or water tunnels.

Figure 4 :

 4 Figure 4: Overview of available experimental techniques.

Figure 5 :

 5 Figure 5: Examples of finite-wing experiment. (a) Merz finite wing (Ref. 57) (b) Onera finite wing (Ref. 56) (c) Möwe finite wing (Ref. 58) (d) UTRC swept wing (Ref. 53). sults (Refs. 43, 50, 51), and that analyzing the Hilbert transform of the force coefficients results in a useful analysis tool (Ref. 52).

  5 for examples has been a staple of aerodynamic research, as a simple geometry, which produces a 3D flow. Attached to a pitching rig, it produces a relatively simple nonrotating 3D flow which can be used for dynamic stall research. Early examples including Lorber (Ref. 53) and Piziali (Ref. 54), used untwisted wings of constant cross section in an effort to remain as simple as possible. While this approach is practical for a numerical approach, see Spentzos et al. (Ref. 55) where an Euler wall was used at the attaching end, experimentally this results in the initial dynamic stall appearing at the junction between the wind tunnel wall and the wing, and a correspondingly strong interaction between the wind tunnel and the wing, see Ref. 56.Alternative examples have used positive twist and a range of airfoils (Refs.[START_REF] Merz | Spanwise Differences in Static and Dynamic Stall on a Pitching Rotor Blade Tip Model[END_REF][START_REF] Lütke | Design of a Rotor Blade Tip for the Investigation of Dynamic Stall in the Transonic Wind-Tunnel[END_REF] to move the point of initial stall outboard, creating aerodynamics which are more easily computed with CFD without considering the complete wind tunnel (Ref.[START_REF] Kaufmann | Dynamic Stall Simulations on a Pitching Finite Wing[END_REF]). In fact it has been noted that in some cases the finite wing produces 2D flow at least as good as the 2D airfoil (Ref. 60).

Figure 6 :

 6 Figure 6: 3D dynamic stall development. (a) Sketch of Omega vortex (Ref. 62) (b) Effect of aspect ratio on dynamic stall (Ref. 63) (c) 3D stall vortex progression on a nominally 2D airfoil (Ref. 41) (d) Smoke visualization of a 3D dynamic stall vortex (Ref. 64) (e) Visualization of 3D dynamic stall (Ref. 55).

•

  DLR: RTG axial inflow (Ref. 65) • Georgia Tech high advance ratio facility (Ref. 66) • TUM Rotor under development • DLR wind tunnel rotor (GHM) under development (coming 2021) • Wind Turbines: NREL Phase VI (Ref. 67) and Mexico (Ref. 68)
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 78 Figure 7: Examples of stiff rotor experiments. (a) DLR full helicopter modell (GHM) (c) DLR Rotor Test stand Göttingen (RTG) (Ref. 65) (c) Georgia Tech High Advance Ratio Facility (HARF) from (Ref. 66).

  GOAHEAD: Data only freely available to the GOA-HEAD group, but many points are in the open literature. Structural and aerodynamic models exist. Data taken for a relatively small number (40) of cycles. Trim and reproducibility problems near stall (Ref. 76). Large cycle-tocycle variations • 7A/7AD: Internal ONERA data, with many points in the open literature. Well used, structural and articulation model, requires computing model mount (Ref. 77) • UH60A: Large test matrix including slowed rotor. Points 9125/9145/9175 computed using RCAS/Helios. Includes thrust sweep and speed sweep (Ref. 75). • UMD GLMWT (PIV, some pressures) (Ref. 73) Flight Tests Although flight tests are an important test of the capabilities of CFD, the quality of the experiments and the information about the boundary conditions is significantly less precise than for wind tunnel experiments. The most complete set of flight data comes from the NASA UH60 flight program (Ref. 78), see Fig. 9a. The helicopter was instrumented with 242 pressure sensors, which could be individually analysed or integrated, and dynamic stall detection was provided by pressure sensor analysis, see Fig. 10. Dynamic stall was observed in level flight (counter 9017) corresponding to the airloads workshop case (µ=0.3, C T /s =0.12). Additionally, dynamic stall was observed in a pull-up manoeuvre (counter 11029). It interesting that in Fig. 10 stall regions appear on the retreating blade side (3rd and 4th quadrants), but also in the 1st quadrant in some cases. This shows that in a real rotor environment at least three stall events can occur during one blade revolution. Alternatively, there is a dynamic stall point with the bluecopter helicopter in a strongly left turning flight, see (Ref. 79) and Fig. 9b. The rotor advance ratio was µ=0.35, the descent angle was 9 . Based on the available instrumentation and sensor data, a rotor thrust coefficient C T /s =0.145 was computed with 5% accuracy. The helicopter is only instrumented with control settings, attitude and flight speed, pitch link loads and rotor thrust instrumentation, but some comparisons to CFD are possible.

Figure 9 :

 9 Figure 9: (a) NASA UH-60 aircraft. Image from UH60 airloads program tutorial. Bluecopter demonstrator helicopter, from Ref. 79.

Figure 10 :

 10 Figure 10: Images from UH60 airloads program tutorial.rigid and elastic blade motions. At angles of attack exceeding the static stall angle, the flow separates from the leading edge or/and the trailing edge. The separation may also be induced by transonic shock wave at angles below the static stall. Finally, unique to rotorcraft is the separation triggered by bladevortex interaction as discussed later. A rotor may encounter a combination of these different separation mechanisms. Fluid dynamics of separation may encompass a number of phenomena -formation of laminar separation bubble(s), transition to turbulent, accumulation of vorticity at the leading edge, formation of leading-edge vortices and their detachment from the surface, trailing-edge separation, shock-induced separation, interaction of the vortex with the viscous shear layer, and flow reattachment. Phenomenological, semi-empirical models (Ref. 10) are computationally economical but lack the generality as these phenomena have non-trivial dependence on the airfoil, Mach number, Reynolds number, and pitching and heaving motions which are further complicated by significant elastic deflections of the rotor blades.

  Flow field in three planes parallel to the pitch axis located at three non-dimensional chord stations (x/c = 0.25, 0.50, and 0.75) were obtained using PIV. The experimental setup is shown in Fig.11. The predictions of wing section loads, surface pressure, velocity field at chord and span planes, and spanwise flow were compared with the experimental data (Ref. 6), and a good overall correlation was obtained. Both static and dynamic stall cases were studied. The first dynamic stall test case studied was a moderate stall case. The mean and amplitude of the sinusoidal pitching motion were 17 deg. and 5 deg, respectively. Blade airloads at the mid-span location (r/R = 0.50) are shown Fig.12. The computed wake during the downstroke cycle is shown in Fig.13, where wing is massively separated before the reattachment phase began. The airloads at other span stations and the computed flowfield also correlated satisfactorily against the test data (Ref.6). The CFD modeling thus established for the moderate stall case was applied without any further calibration to the cases of a light stall, which had a reduced mean of 15 deg, and a deep stall, which had an increased amplitude of six degrees. The ability of CFD to predict variations in airloads for light, moderate, and deep stall cases is illustrated in Figs.14 and 15. The trends in airloads were accurately captured which demonstrated the generalizability of the numerical modeling approach to this class of problems. Main conclusions were drawn from this study were as follows -1) recommended spatial and temporal resolutions from sensitivity studies on 2D cases seemed to adequately capture the 3D dynamic stall phenomena; 2) use of DDES with a transition model improved the prediction of static stall angle. Little influence of the transition model was observed under the fully attached flow conditions; 3) Similar to the static cases, the use of DDES with a transition model resulted in improvements in predictions for the dynamic stall cases; and 4) CFD modeling parameters established for a moderate dynamic stall case, when applied to a deep and a light stall conditions, resulted in very good predictions of loads.
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 1112 Figure 11: View of the OA209 wing model in the F2 windtunnel (top), sketch of the PIV and LDV windows (bottom)

Figure 13 :

 13 Figure 13: Blade section lift and pitching moment at mid span (r/R = 0.5)

Figure 14 :

 14 Figure 14: Blade section lift at an outboard span location (r/R = 0.8)

Figure 15 :

 15 Figure 15: Blade section pitching moment at an outboard span location (r/R = 0.8)a large wind tunnel data base of a complete helicopter in several flight conditions. These experimental measurements were used by the partners of the project for CFD-CSD coupling validation (Ref. 99). However, few numerical activities were dedicated to the dynamic stall cases of the database, with the exception of Ref. 100, where the authors showed numerically that the fuselage enhances dynamic stall compared to an isolated rotor condition. Finally, the most thorough analyses of rotor dynamic stall simulations that can be found in the literature are based on 7A and UH60-A cases and the main conclu-

  1m and a solidity of 0.084. The rectangular blade is constructed with an OA213 airfoil from r/R = 0.20 to 0.75 and an OA209 airfoil from r/R = 0.90 to the tip with a transition region in between. The blade has a linear twist of -3.95 deg/m. The tests spanned a range of forward flight speeds and thrust conditions. The experimental data set included absolute pressure measurement at five radial stations (50.0, 70.0, 82.5, 91.5, and 97.5% R) which were integrated to compute airloads. The authors investigated a moderate stall test point 293 (µ = 0.30, C T /s = 0.100), and deep stall test point 405 (µ= 0.42, C T /s = 0.095). Compared to the wing, the stall is compounded with multiple dynamic stall events of different mechanisms, as discussed in detail in Refs. 3 and 101. Particularly, three key mechanisms were identified: 1) BVI induced inboard separation on the front of the rotor disk, 2) leadingedge separation on the outboard of the retreating side due to high angle of attack resulting from the blade pitching motions, 3) separation due to transonic flow in the outboard region on the aft of the rotor disk. As for the finite wing, the authors used three different solvers, Helios/OVERFLOW, Helios/FUN3D, and elsA. Meshes and time step size were based on the best practices from their prior studies on the OA209 3D wing. Helios simulations used Menter SST model with and without a Langtry Menter transition model and elsA used Kok SST model also with and without the transition model. The details are presented in Ref.

  3D wing where a large influence of transition model was observed. Interestingly, Dietz et al. (Ref. 102) also mentioned the possible role of BVI in triggering rotor dynamic stall, based on numerical results of a BK117C1 in high loaded turning flight.

Figure 16 :

 16 Figure 16: 7A rotor ONERA S1MA Wind tunnel, Modane, France, 1991.

Figure 17 :

 17 Figure 17: Computed wake (iso-surface of Q-criterion, Q=5000) showing BVI and flow separation on the retreating side on the ONERA 7A rotor; Helios/OVERFLOW simulation.

Figure 18 :

 18 Figure 18: Blade section pitching moment (M 2 ) at r/R = 0.915.

Figure 19 :

 19 Figure 19: ONERA 7A rotor separation location map, computed using Helios/OVERFLOW; 0 represents the leading edge and 1 the trailing edge. stall mechanisms under post-stall conditions but, more importantly, the onset of stall. The UH-60A Airloads wind tunnel test campaign (Ref. 75) carried out in the National Full-Scale Aerodynamics Complex (NFAC) 40-by 80-Foot Wind Tunnel was utilized. Airloads, structural loads, and performance were calculated for a thrust sweep, C T /s = 0.06, 0.09, 0.10, 0.11, 0.12, and 0.125 at µ = 0.3 from pre-stall to post-stall conditions corresponding to wind tunnel test points 4530, 4533, 4534, 4535, 4536, and 4537, respectively. The CFD model parameters and grid resolutions were similar to that used for the 7A rotor (Ref. 103).
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 20 Figure 20: UH-60A rotor power.

Figure 21 :

 21 Figure 21: UH-60A rotor blade root torsion moment.

Figure 22 :

 22 Figure 22: UH-60A rotor separation map, µ = 0.11 (test point 4536), computed using Helios/OVERFLOW.dynamic stall model in their library of applications. Often, the user is offered several choices of model from which to choose. The reasons one would desire such models are clear. They can be used in real-time flight simulation, in the design and application of control laws (e.g., as part of a dynamic observer), as a fast preliminary-design tool, or as a tool to inform researchers where the most promising experimental or CFD cases might be made to increase our understanding. These lower-order stall models are based, primarily, on unsteady, aerodynamic theories -combined with a significant amount of empirical tuning that is based on experiments or CFD runs.

Figure 23 :

 23 Figure 23: UH-60A rotor computed wake (iso-surface of Qcriterion, Q=3600 1/s 2 ) showing BVI and flow separation on the retreating side for a Helios/OVERFLOW simulation. one of two types. Those of the first type are based on the Leishmann-Beddoes model, and those of the second type are based on the ONERA approach. The former are grounded in prediction of boundary-layer separation. The second type or more dynamically motivated and leverage on the fact that dynamic stall results in a time delay of stall with an overshoot of the static values. Both types of models have been validated over a wide range of experimental data. This includes variations in Reynolds numbers, Mach number, angle of attack, yawed flow, unsteady free-stream, and morphing airfoils (including trailing-edge flaps).

Figure 24 :

 24 Figure 24: Vorticity field for a moving flat plate at large angles of attack (Ref. 14).

Figure 25 :

 25 Figure 25: Unified theory of Peters (Ref. 109) the ONERA model by Peters et al. separated out the apparent mass lift from the bound circulation on the airfoil. Later, ONERA accepted those changes, adding them to their own versions.

  . The time rate of change of bound vorticity from the linear airloads model is fed into an inflow model to obtain the induced flow on the airfoil. One can use the Karunamoorthy inflow model (Ref. 107) for a flat wake (as in a wind tunnel test), a 3D inflow model (such as Peters-He (Ref. 108)) for a rotor wake, or any other model.

Figure 26 :

 26 Figure 26: Comparison of the lift and pitching moment from the Peters et al. (Ref. 109) augmented model and the experimental data of Ref. 110 for SSC-A09 Airfoil, a = 9 13 cos (wt) and M • = 0.40 + 0.07cos (wt)The stall comes in by the fact the airfoil boundary conditions are also fed into a bank of static airfoil data to give a hypothetical static change in loads: lift, pitching moment, and drag. Those static values are fed through a second-order, ONERA type filter to provide the time delay and overshoot observed in dynamic stall data. Those nonlinear changes to the loads and bound vorticity are fed into the induced flow solver, adding the shed-vorticity correction due to stall to the inflow calculation. The parameters for the second-order filter (two poles and a zero) are obtained from one or two key unsteady aerodynamic experiments for the airfoil in question. This, then, completes the model. The effects of blade warping, of yawed flow, and of unsteady free-stream need only be added to the static correction with no need to modify the filter. Secondary stall can also be added by a second dynamic stall box that is triggered by the rate of change of angle of attack at the static stall angle. Figure26shows correlation of this model with experimental data taken at full-scale Reynolds numbers with unsteady free-stream (Ref. 109). The model does equally well on drag data with secondary stall, as illustrated in Fig.27.

Figure 27 :

 27 Figure 27: Correlation with drag data versus nondimensional time for a VR-12 Airfoil with secondary stall. Courtesy Ref. 109.

Figure 28 :

 28 Figure 28: Boundary layer and vortex sheets around cylinder. Courtesy Ref. 113. understand how dynamic stall develops. The experimental side of the work involved the design and construction of a towtank rig to study gust encounters. These tests then identified the various contributions to boundary-layer vorticity. In this work, the added mass and the correct audit of vorticity prevents the "double-counting" of circulation observed in some other efforts in this area, Fig. 28.

Figure 29 :

 29 Figure 29: Vorticity field and circulation of an airfoil during a large transverse gust encounter of 1.0 (with a 5% sensitivity analysis) that induces separation (Ref. 112).

Figure 30 :

 30 Figure 30: Low-Order prediction of lift and pitching moment for an airfoil pitching 0 to 90 and back. Courtesy Ref. 118.

Figure 31 :

 31 Figure 31: Visualization of a three-dimensional loop generated by a rotating wing. Courtesy Ref. 13. off after LEV formation,and 4) what other effects need to be added. Another class of questions centers around whether these methods can be extended so as to predict and control dynamic stall on new configurations.

Figure 32 :

 32 Figure 32: Leading edge vortex generator. Top: Idea and wind tunnel test Line 2: Flight testing on the DLR BO105 helicopter Line 3: CFD visualisation of the method of operation Bottom: Effect, and comparison with constant blowing for the control of deep dynamic stall or signature drawbacks, but they do require mechanisms for operation.

Figure 34 :

 34 Figure 34: Back-flow flap. Top: Idea and wind tunnel test Line 2: Flight testing on the DLR BO105 helicopter Line 3: CFD visualisation of the method of operation Bottom: Effect, and comparison with constant blowing for the control of deep dynamic stall flow techniques, maintenance and reliability pose significant hurdles to their adoption on rotating systems. Dielectric barrier discharge plasma actuators have currently not been able to scale their effects to produce the higher body forces required for use in the flow speeds observed on a helicopter main rotor.

  Back-flow flaps, scales, or tabs have created some interest for application on both the fixed-and rotating-wing dynamic stall (Refs. 142-144). These passive devices, similar to the shark skin scales or hairs (Refs. 143, 145), activate in the presence of reverse or detached flow, as illustrated in Fig.34. They have been studied in both single and multiple actuator configurations, starting with flight tests on a Messerschmidt Me 109 in 1938 (Ref. 146). More modern investigations explicitly developed the flaps analogous to the pop-up feathers of birds which delay stall while landing, and implemented them for static stall on sailplanes(Refs. 147, 148). For static stall it can delay the upstream propagation of the trailing edge flow separation and upstream from the trailing to the leading edge for reverse flow.

  modeling, initial dynamic stall CFD studies were limited to URANS modeling of 2D airfoils (Refs.[START_REF] Richter | Improved Two-Dimensional Dynamic Stall Prediction with Structured and Hybrid Numerical Methods[END_REF][START_REF] Costes | Grid Sensitivity Study for the Turbulent Viscous Flow Around a NACA0015 Airfoil at Stall[END_REF][START_REF] Liggett | Temporal Convergence Criteria for Time-Accurate Viscous Simulations of Separated Flows[END_REF]. These studies served a great deal in establishing a credible numerical model that addressed issues such as temporal resolution, spatial resolution, numerical convergence, and turbulence modeling.Costes et al. (Ref. 81) performed grid refinement studies on a NACA0015 airfoil near static stall, which revealed large sensitivity between the mesh and stall prediction. Here, a Cgrid, with 2141 points wrapping the airfoil, and 209 points in the normal direction, was shown to be necessary for convergence. The blunt trailing-edge thickness was gridded with 105 points. In Ref.[START_REF] Liggett | Temporal Convergence Criteria for Time-Accurate Viscous Simulations of Separated Flows[END_REF], this grid was used to study dynamic stall simulations on the OA209 airfoil. An unstructured hybrid grid sensitivity study revealed that approximately 60 points in the boundary layer were necessary for adequate modeling of dynamic stall. The maximum grid size around the airfoil Stall is inherently a 3D phenomenon, even for the case of a 2D wing and hence 3D modeling is necessary for accurate modeling of its physics. 3D modeling using Large Eddy Simulation (LES) reported in Refs. 83, 84 have led to improvements in correlations against the experiments. Here wing geometry is essentially an extruded wing with periodic boundary conditions. To reduce the computational cost associated with LES, a common approach in practice today is the hybrid URANS-LES models, a flavor of which are Zonal Detached Eddy Simulation (ZDES) and Delayed Detached Eddy Simulation (DDES). ZDES allows the explicit specification of the regions treated in URANS and those treated in DDES. DDES employs URANS in the near-wall regions and transitions to LES away from walls based on a wall-distance function. Le Pape et al. (Ref.[START_REF] Pape | Zonal Detached-Eddy Simulation of an Airfoil in Poststall Condition[END_REF], showed a high-resolution CFD computation of a 2D wing, modeling the span as infinite with periodic boundaries, based on the OA209 helicopter blade airfoil was performed using ZDES.Liggett and Smith (Ref. 82) independently found similar results with a different hybrid URANS-LES solver (which includes a full subgrid-scale model). Early work on finite-span 3D wing simulations has been reported by Ekaterinaris (Ref. 86) and Spentzos et al. (Ref. 87). These studies employed relatively coarse meshes due to the computational resources available at the time. In Richez et al. (Ref. 88), the ZDES simulation is performed for a 3D

		on
		a pitching NACA 23012 airfoil. Three-dimensional URANS
		computations using the ONERA elsA structured code and the
	of 0.25% chord with spacing at the leading-edge of 0.017%	DLR-TAU unstructured code are compared with the OA209
	chord were adequate, which requires approximately 1000	finite wing experiments under static stall and dynamic stall
	points wrapping the airfoil surface. Away from the boundary	conditions (Ref. 56). Numerical simulation of dynamic stall
	a grid resolution of 1% chord was recommended. Temporal	for a 3D, finite-span, OA209 wing (Ref. 90) is compared to
	convergence was shown using 1800 steps per period for fully	experimental results obtained in the ONERA F2 wind-tunnel,
	turbulent (no transition model) cases, and 18000 steps per pe-	assuming fully turbulent flow.
	riod when the transition model is used. A large influence	Several of the authors carried out a three-way comparison of
	of turbulence models, ranging from Spalart-Allmaras (SA)	the different CFD approaches on the OA209 wing (Ref. 6),
	to Reynolds Stress Models (RSM), was shown by Richter et	using a fine temporal and spatial resolutions derived from the
	al (Ref. 42). Liggett and Smith (Ref. 82) focused on tem-	guidelines established in 2D airfoils studies. Three model-
	poral convergence study of static and dynamic stall problems	ing approaches -OVERFLOW DDES (Refs. 91, 92), elsA
	on VR7 and NACA0012 airfoils. A grid sizing study showed	URANS (Ref. 93), and FUN3D DDES (Ref. 94) by the
	that grid convergence was obtained using approximately 811	US Army CCDC AvMC, ONERA, and Georgia Tech, re-
	nodes around the airfoil with leading-edge spacing of 0.07%	spectively. Since the Reynolds number was one million,
	chord, trailing-edge spacing of 0.01% chord, and approxi-	turbulence transition was modeled using Langtry Menter
	mately 50 points in the boundary layer, similar to study above	two-equation model (Ref. 95). Wind tunnel tests used for
	on NACA0015 and OA209 airfoils. It was shown that nom-	this study were conducted in the ONERA F2 wind tunnel
	inally second-order accurate temporal schemes show second-	(Ref. 96). The rectangular wing has a chord of 300 mm, an
	order convergence only at low-enough time step size which	OA209 airfoil section, an aspect ratio of three, and a zero de-
	requires approximately 12,500 time steps per pitching period	gree twist. The wing model is heavily instrumented with 28
	for the reduced frequency of 0.1. The 2D studies served to establish basic guidelines for 3D modeling.	unsteady pressure transducers each at non-dimensional radial stations r/R = 0.50, 0.80, 0.95, and 0.99.
		Three-component phased-averaged velocity measurements
	3D Wing Studies	were obtained at = 0.8 using Laser Doppler Velocimetry
		(LDV).

finite-span OA209 wing under stall conditions. Nilifard et al. (Ref. 89), 2D and 3D simulations were carried out to assess the suitability of numerical models for the simulation of deep dynamic stall experiments. The numerical results were compared to pressure measurements and PIV flow surveys
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