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Active Flow Control:  Enabling Next-Generation Jet Propulsion Aerodynamics
Daniel N. Miller, Patrick J. Yagle, Philip P. Truax, Stewart A. Jenkins

Lockheed Martin Aeronautics Company, Advanced Development Programs, Fort Worth, TX

Jet engine inlet and exhaust systems play a major role in determining the configuration and capability of tomorrow’s military air vehicles.  These systems must deliver higher aerodynamic performance as well as enhanced functionality, while at the same time reducing weight, cost, and size compared to today’s systems.  Traditionally, the physical laws governing high-speed viscous flow have limited implementation of the exotic inlet and exhaust flowpaths required for the future.  The emerging technology of Active Flow Control (AFC) offers a breakthrough in aeronautical science that will, in turn, enable the design of next-generation inlet and exhaust systems. 

Advanced inlet systems can feature conformal shaping and extreme serpentine wall curvature.  High-speed flow entering this inlet duct is unable to negotiate the extreme internal wall curvature, and will thus separate from the wall, reducing net thrust and perhaps even resulting in engine stall.  AFC can be used to energize/restructure the boundary layer in a manner to prevent flow separation and greatly diminish flow distortion. Results from 40%-scale validation tests show that with the use of flow control, pressure losses were decreased by 40%, flow distortion was decreased by 80%. Modern exhaust systems incorporate complex mechanical systems to allow the functionality of thrust vectoring.  These mechanical subsystems incur weight and cost impacts to the vehicle, and limit the design to shapes that can be easily mechanized. Using an AFC technique, researchers hope to design systems that achieve today’s functionality without mechanical flowpath variation, thus reducing cost and weight while enabling cross-sectional shapes that conform to the advanced aircraft body. High pressure air is injected into the nozzle’s divergent section with the goal of creating “virtual aerodynamic surfaces” that provide the same functionality that today’s variable-geometry mechanical flaps do. Results from 30% scale validation tests demonstrated 10-15 degrees of thrust vectoring at relevant nozzle conditions.

Fighting wave packets on infinite-swept wings

Markus Högberg, Mattias Chevalier, Martin Berggren*. 

Aeronautics Division, FOI, Swedish Defence Research Agency.

*Presently, Sandia National Labs, PO Box 5800 MS 1110, Albuquerque, NM 87185
Dan S. Henningson

Department of Mech. Engineering, Royal Institute of Technology, Stockholm, Sweden 

Based on wall measurements in a spatial simulation of localized disturbances in swept-wing boundary layers, an extended Kalman filter is used to estimate the full three-dimensional wave packet. The estimated field is in turn used to calculate a feedback control that completely cancels the disturbance. The is the first time that optimal control and estimation concepts are successfully applied to construct a compensator that is applied to disturbances in spatially-developing boundary layers. This shows that it is sufficient to use local wall measurements to completely cancel a three-dimensional wave packet by blowing and suction at the wall. The poster will depict the dramatic effect of the control, and if possible, a computer animation will visualize the complete control system.
Lorentz Force Actuators for Control in Conducting Fluids

Jinil Park, Charles Henoch & Kenneth Breuer

Brown University, Providence RI

We present experimental results on LORENTZ FORCE ACTUATORS, used in a conducting fluid, such as seawater or weakly ionized gases.  The actuators are comprised of a layer of Neodymium-Boron-Iron magnets covered by an electrode layer.  When a current is passed through the fluid, a body force is generated due to the Lorentz effect. The electrodes are protected by a conductive polymer which eliminates bubble formation and corrosion. The entire assembly is cured in an epoxy mold forming a very robust actuator system.

Experiments on the characterization of the actuator show that it exhibits linear response in both frequency and amplitude at the range of current interest (below 10 Hz, up to 3 volts).

A large array of actuators has been applied to the surface of a low-speed, fully turbulent, salt water channel.  Different actuation schedules have been used to modify the flow, including spanwise oscillation and spanwise traveling waves.  Drag is measured directly, by monitoring the force required to hold the 5 x 3 foot plate stationary. Reductions in drag of up to 10% have been measured and the dependence on frequency, amplitude and Reynolds number has been characterized.  The results appear to be robust.
Aerodynamic Flow Control Using Shape Adaptive Surfaces

Jamey Jacob, David Munday, Thomas Hauser, and George Huang

Dept. of Mechanical Engineering, University of Kentucky

Separation flow control using rapid large-scale aerodynamic tailoring is presented. A system of piezoelectric actuators is imbedded in a wing to control the profile, thus allowing the wing to alter its cross-section inflight within a predetermined design range. In this case, the wing uses an adaptive camber to alter the shape of the suction surface - since the actuator can be altered continuously, the wing shape can be static (fixed) or dynamic (constantly changing). Here, dynamic oscillations are used to control the separation over the wing and comparisons are made between wind tunnel experiments (PIV) and simulations at low Reynolds numbers (25,000 - 250,000).  The CFD code is a parallel, 2D Navier-Stokes solver for incompressible flows combing the SIMPLE method with a Rie and Chow treatment on a collocated non-staggered grid. The complex geometry associated with a shape-changing airfoil is simulated through a series of Chimera grids.

Transitory Force Development on a Spinning Body of Revolution Using MAFC

James M. McMichael, David Parekh, Shayne Kondor, and Michael Amitay, 

Georgia Tech Research Institute
Ari Glezer and Mark Allen, and Chris Rinehart

Georgia Institute of Technology
Peter Plostins, Dave Lyon and Jubaraj Sahu

Army Research Lab

Georgia Tech is working in collaboration with the Army Research Laboratory under DARPA sponsorship to demonstrate the potential of chemically-based flow control actuators to produce useful aerodynamic forces on spinning projectiles.  This poster summarizes the fluid dynamics issues involved, including the intrinsic transitory flow response to brief activation of the actuators. 

Effect of a Trailing-Edge Jet on Fin Buffeting

S. Phillips, C. Lambert, I. Gursul 

Department of Mechanical Engineering, University of Bath, Bath BA2 7AY, United Kingdom  

Effect of a trailing-edge jet on the interaction of a leading-edge vortex with a fin and resulting fin buffeting was investigated in water tunnel as well as wind tunnel experiments.  Flow visualization showed that fin-induced vortex breakdown can be delayed into the wake even for the head-on collision of the leading-edge vortex with the fin.  Hence it was demonstrated that the adverse pressure gradient due to the presence of the fin could be overcome with a deflected trailing-edge jet.  Delay of vortex breakdown into the wake even for relatively small values of jet velocity ratio is possible for deflected jets, whereas the effectiveness of the jet with no deflection is very limited.  Buffeting response of a flexible fin in wind tunnel experiments showed that there was considerable delay of the onset of buffeting to higher angles of attack with increasing jet momentum for (=30( and 45(.  Depending on the fin location with respect to the leading-edge vortex, it was possible to shift the buffeting envelope as much as 12( in incidence of the wing.  

AVIA:  Adaptive Virtual Aerosurface

D. Parekh, A. Glezer, M. Allen, T. Crittenden, E. Birdsell, R. Funk

Georgia Institute of Technology
S. Palaniswamy
Metacomp Technologies
Without changing the external moldline of a wing, one can alter its aerodynamic characteristics through virtual aeroshaping.  This can be accomplished by using actuators embedded in the wing to generate a flux of momentum at a prescribed location to modify the external flow field.  One can achieve changes in lift, drag, and pitching moment that are much greater than those due to the force of the actuator alone by leveraging the unsteady response of the external flow to transient pulses of momentum.  While this type of flow control can be achieved at low speeds through a variety of actuator types, it is a significant challenge to develop an actuator with sufficient control authority and bandwidth for transonic flows.  This  DARPA MAFC (MicroAdaptive Flow Control) program seeks specifically to develop a novel microcombustion-based actuator system for flow control applications.  It is envisioned that this new class of actuation could be used for circulation control, shear layer manipulation, and flow reattachment over a range of speeds and for shock control in transonic flow regimes.  This poster presents an overview of the actuator development and some initial results in a flow control application.  

A Flow Control System in a High Turning Stator Cascade
Jordi Estevadeordal  

Innovative Scientific Solutions, Inc.
William W. Copenhaver and Peter Koch  

Air Force Research Laboratory, Propulsion Directorate
Stephen Guillot, Techsburg  

Wing F. Ng, Virginia Tech 
A flow control system for a high turning stator cascade was investigated using Particle Image Velocimetry (PIV) and conventional pressure instrumentation. The system consists of small blowing cavities and suction holes in the blades. Experiments were performed in the transonic blowdown wind tunnel of Virginia Tech for various Mach numbers, cascade angles, and blowing and suction ratios. The results show that flow control can provide significant reduction in wake width and increase in turning.  A 50% reduction in loss coefficient was realized even though the blowing velocity was below design expectations.  Through redesign of the flow control geometry, it is anticipated that even greater improvements regarding loss and turning can be achieved. The PIV system consists of two Nd:YAG lasers, a cross-correlation ES1 camera, an optical probe for laser-sheet delivery, plexiglass walls for optical access, and a seeding system.  The optical probe can slide and rotate inside a glass tube mounted across the test section downstream the cascade. This allows the laser sheet to illuminate any location of the cascade in the main flow direction. Free-stream and blowing seed consisted of aluminum dioxide particles.

A Pressure-Sensing Approach for Automation of Trailing-Edge Flap for Airfoil Flow Control

Christopher W. McAvoy and Ashok Gopalarathnam

Dept. of Mech. & Aerospace Eng., North Carolina State University, Raleigh, NC 27695.
A small trailing-edge flap, often referred to as a cruise flap or camber-changing flap, can be used to extend the low-drag range (drag bucket) of an airfoil. Currently cruise flaps are popular on high-performance sailplanes and are manually set to the optimum angle by the pilot based on the flight speed. Automation of such a cruise flap can result in improved aircraft performance over a large speed range without an increase in the pilot workload. The automation can also be a key enabling feature for use of cruise flaps on autonomous airplanes. An approach is presented for closed-loop control of cruise flaps using the pressure difference measured near the leading edge of the airfoil. It is shown that when this nondimensional pressure difference is maintained within a certain range by deflecting the flap, the resulting flap angle is the optimum for the desired lift coefficient. As a consequence, an effectively large low-drag range is achieved. Using this approach, a closed-loop control system was demonstrated for an airfoil in a wind tunnel. These results along with the potential for aircraft performance improvements will be presented.

Active Core Exhaust (ACE) Control System

B.C. McDonald, T.A. Presdorf, and J.M.Staiger

Air Force Research Laboratory, Air Vehicles Directorate, WPAFB, Ohio 45433
K.A. Matthews and D.M. Smith

The Boeing Company, Advanced Airlift & Tankers, Long Beach, CA 90807-5308
The Active Core Exhaust (ACE) Control System is a pulsed jet injection system that is designed to destabilize the core exhaust plume of the F117-PW-100 engine resulting in enhanced mixing of the hot plume with the cooler surrounding air.  The destabilization of the plume is induced by injecting a small amount of compressor bleed air perpendicular to the core exhaust flow at the nozzle exit.  The ACE Control System utilizes fluidic valves to route bleed air in an oscillatory manner to alternating sides of the nozzle.  The enhanced mixing reduces the exhaust plume temperature and, therefore, could allow the removal of the core thrust reversers from the Boeing C-17 aircraft.  Its roots can be traced back to piezoelectric laboratory research done in 1993 to reduce screech.  Application to the thermal reduction of turbofan engine exhaust plumes ensued with subscale externally pulsed jet experimentation in 1995, full-scale testing on a JT8D engine in 1998, and system integration and demonstration on an F117-PW-100 engine in 2000.  Previous testing has shown the fluidic pulse jet system could reduce unforced core exhaust plume temperatures by 50%.  Extensive CFD modeling was used to understand external and internal flows.

Flow Control for Turbomachinery Blading

Stephen Guillot, Sarah Stitzel and Wing Ng
Technology in Blacksburg, Blacksburg Virginia 
William Copenhaver
Air Force Research WPAFB Ohio 
Jordi Estevaderodal
Innovative Scientific Solutions, Beavercreek Ohio 
Casey Carter 
Goodrich Aerospace, Vergennes Vermont
A flow control technique was developed and tested for application in turbomachinery. Through a unique application of ejector pumps, both boundary layer suction and blowing are generated from a single motive pressure source. By controlling separation, more highly loaded fans, core compressors and turbines can be designed allowing higher thrust to weight ratio machines with higher efficiencies. Additionally, the technique has shown promise to increase stall margin and has applications to fan noise reduction. Both computational and experimental efforts have been involved in the development of the flow control technique including Digital Particle Image Velocimetry (DPIV) taken in a transonic cascade. Cascade tests of a highly-loaded, high-turning stator with flow control resulted in a 65% decrease in total pressure losses and a 4.5 degree increase in flow turning.
Flow Control For Low Reynolds Number Low Presssure Turbine Applications

R. Rivir, J. Bons, and R. Sondergaard

Air Force Research Laboratory, Propulsion Directorate, Dayton, Ohio 45433

The low pressure turbine on high by pass turbofans experience incipient and massive separation on the suction surfaces of its blading as operational Reynolds numbers of 150K down to 10K are encountered in operation.  Reynolds numbers of this order are encountered not only at high altitude but also in ground power turbines.  These separations and the associated losses are currently not accurately captured by existing computational methods.  Effective passive and active techniques employing Dimples and Pulsed Vortex Generator Jets have demonstrated the ability to reattach these flows and reduce (40-60%) the associated losses to pre-separation values.  The passive Dimple technique of course requires no additional control power while the Pulsed Vortex Generator Jet’s have demonstrated C(’s of ~10-5 .The Dimples and Pulsed Vortex Generator Jets not only make recovery of lost turbine performance possible but also open the possibility of the redesign of the Low Pressure Turbine to provide increased loading and reduced Low Pressure Turbine weight.
Effects of Circumferential Discrete Perturbations on a Jet

T. Terry Ng, Professor 

Department of Mechanical Engineering, University of Toledo

Effects of discrete perturbations around the exit perimeter of a jet were studied.  Visualization and hot-wire results indicated several control effects.  

Two-dimensional vortex rollup is eliminated.  The initial effect of the perturbations is a circumferential wrinkling of the jet.   The wrinkle subsequently evolves into a ring of horse-shoe vortices, with the number of vortices corresponds with the number of perturbations.  Farther downstream additional vortices were induced, resulting in multiple layers of three-dimensional vortices around the jet circumference.

The spread of a jet can be suppressed or enhanced depending on the distribution of perturbations.  In either case, however, the implication on mixing is uncertain because of the multiple layers of three-dimensional vortices, and a large interface area between the jet and the surrounding fluid in the multi-lobed jet structure.

With appropriate perturbations the velocity fluctuation level during initial development can be reduced significantly in comparison with an axi-symmetric jet.   At several diameters downstream a sudden transformation can be observed in the controlled jet.  During the transformation the mean velocity and rms level will change abruptly over a short spatial distance, and the flow behaviors revert to that of an axi-symmetric jet.

Poster on High-Frequency Excitation (HIFEX) Active Flow Control for Supersonic Weapon Release

Valdis Kibens, William Bower
Boeing

Anjaneyulu Krothapalli, Farrukh Alvi

Florida State University

Anuradha Annaswamy

Massachusetts Institute of Technology

Luiz Lourenco

Integrated Design Tools

Ganesh Raman

Illinois Institute of Technology

Alan Cain

Innovative Technology Applications Company

The DARPA-funded HIFEX program is focused on the problem of applying active flow control (AFC) to achieve high-speed (Mach 2.4) release of a weapon from an internal bay for application to the Long Range Strike Aircraft.  The problem is divided into two parts, AFC to achieve acceptable weapon departure through the bay shear layer and AFC to correct the trajectory of the weapon as it encounters shock waves in the flow external to the bay.  Shear layer control is being investigated with a suite of actuators (powered resonance tube, flow-powered actuator, supersonic microjets, and a jet screen), and control external to the shear layer is being investigated with shock projector actuators.  The program incorporates advanced diagnostics (particle image velocimetry), closed loop control, wind tunnel grid testing, and simulations.  The final concept demonstration will be a series of free-drop tests at model scale.  The poster summarizes the features of each of the program elements. 
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Control of Dynamic Pitching Via Synthetic Jet Actuators

Othon Rediniotis, Lance Traub and Adam Miller

Aerospace Engineering Department, Texas A&M University,College Station, TX 77843

Dynamically maneuvering aircraft represent a challenge to aircraft control algorithms due to the complex nature of the instantaneous flow field. Rapid pitching of the aircraft into the post stall regime is associated with a number of interesting flow phenomena. It would be highly advantageous to control the flow, during dynamic maneuvering into the post-stall regime, to achieve prescribed wing loading. If, moreover, this control can be achieved through “hingeless” control effectors, aircraft weight, maintenance and observability can be simultaneously reduced. The current research effort utilizes the maturing technology of the Synthetic Jet Actuator to control the flow over a dynamically pitching wing. The study involves the pitching of a wing from zero to thirty degrees with variable pitch rates. During the maneuver, a fully wing-embedded synthetic jet actuator is dynamically controlled in order to achieve the prescribed/desired time history of lift over the wing. Two actuator parameters are dynamically controlled and serve as the two control variables, with different bandwidths: the jet momentum coefficient is real-rime controlled via variable jet exit width; the actuator frequency is also controlled although with a slower rate. This desktop demonstration will feature the entire wing and will illustrate the operation and control of the synthetic jet actuator.

High Momentum, Low Mass Flow Pulsed Actuator
D.S. Bishop, A.B. Cooper, J.H. Montgomery, J.W. Naughton, D.E. Walrath, and W.R. Lindberg
Mechanical Engineering Department, University of Wyoming, Laramie, WY, 82071

A new high-momentum, low mass flow, pulsed actuator design suitable for use in laboratory and field flow-control applications will be demonstrated.  Current pulsed actuators are often bandwidth and amplitude limited due to their design.  In addition, the ability to precisely vary and control the frequency is another difficulty with some injector designs.  The new low-inertia design is capable of operating in the 0-5 kHz range and is limited only by the response time of the injected fluid.  High-pressure air is used as the source of the pulsed jet to increase both the amplitude and bandwidth of the disturbance.  In addition, precise control of the actuation frequency is built into the device.

A large-scale prototype has been designed and characterized to investigate the operational characteristics of such a device.  Currently, a small prototype is being designed for testing during Summer 2002.  A movie of phase-locked Schlieren images of the operating prototype will be demonstrated, and a model of the new prototype will be displayed.  

The injector's capabilities, particularly the high bandwidth, make this actuator well suited for laboratory testing where the required actuation frequencies are high.  In addition, the actuator's design should easily scale to various sizes required for different field operations.

Active Flow Control Using High Frequency Compliant Structures

Russell F. Osborn, Sridhar Kota and Joel Hetrick

FlexSys Inc., Ann Arbor, MI
Donald Geister & Michael Lee

University of Michigan, Ann Arbor, MI
Carl P. Tilmann

Air Force Research Laboratories, Air Vehicle Directorate, WPAFB, OH
Flow control to avoid or delay boundary layer separation on a wing can dramatically improve the performance of most air vehicles in strategic parts of their individual flight envelopes. Prior aerodynamic experiments have shown that unsteady excitation at the appropriate frequency can delay boundary layer separation and wing stall more effectively than steady flow perturbations, and that these unsteady perturbations, when generated in an optimum frequency range, maximize the extent of flow control. A mechanical high frequency micro vortex generator (HiMVG) flow control system, fabricated using displacement amplification compliant structures technology, will be demonstrated. Flow control potential of the HiMVG device will be documented with appropriate analytical and experimental data displays. Candidate flow control applications for the next generation of HiMVG flow control devices will be illustrated.  

Active Flow Control Research at Orbital Research Inc.

Mehul P. Patel, Jack M. DiCocco, Reed Carver and Troy S. Prince 

Orbital Research Inc., 673 G Alpha Drive, Cleveland, OH 44143
T. Terry Ng
Department of Mechanical, Industrial, and Manufacturing Engineering, The University of Toledo, Nitschke Hall 4061, Toledo, OH 43606
An Active Flow Control System (AFCS) utilizing dynamic pressure sensors and deployable flow effectors coupled with a closed-loop controller has been developed and tested for two diverse applications; slender bodies and fixed wing aircrafts.  Orbital Research Inc. (ORI) will present hardware and videos of its latest AFCS for 1) control of forebody asymmetric vortices for missiles at high alpha, and 2) transparent stall control for aircrafts.  

Slender body experiments to quantify the control effectiveness of the high-alpha phantom yaw control system were conducted on a finless, 3:1 tangent ogive missile model.  Results from static tests indicate that the flow effectors can be used for potential continuity of force production to modulate the overall control authority around the missile forebody.  Dynamic test results show that the closed-loop controller was successfully able to control the yawing moment on the missile during sweeps from 0 deg to 60 deg at varying sweep rates.  Closed-loop experiments demonstrated the ability of the high-alpha phantom yaw control system to maintain a desired side force corresponding to zero, left and right yaw.  

Results from open-loop experiments with AFCS on the fixed wing demonstrate a delay of stall-angle of attack from 19 deg to 21 deg.  Findings on the distinctive nature of pressure fluctuations during pre-stall conditions served as the actuating signal for the controller to trigger the flow effectors.  Closed-loop experiments demonstrated the ability of AFCS to detect and control flow separation leading to a delay in wing stall.  

ORI will also demonstrate a working MEMS microvalve that can be readily integrated into any active flow control system to enable actuator operation at varying frequencies with localized phase control of complex dynamical processes within the fluid flow.

Counter-Flow Blowing For Counterswirl Designs And Vectoring

 W. Copenhaver, D. Car 

Air Force Research Laboratory, Propulsion Directorate, WPAFB, OH
 J. Estevadeordal 

Innovative Scientific Solutions, Inc. 
A flow control concept based on counter-flow blowing for counterswirl designs and vectoring was studied computationally and experimentally.  CFD results obtained using APNASA code showed that there is a loss of pressure gradient in the unrestrained region on the trailing edges (TEs) of the cascade blades. Separation and large flow deviation occur in the uncovered passage of the suction side near the TEs.  Applying counterflow blowing (.5% of the core mass flow) on the pressure surface near the TEs resulted in 12 degrees more turning.  The study was continued by the realization of an actual experiment in a transonic cascade. To ensure periodicity and cascade effect, three central blades of a total of seven were machined with a blowing slot in the pressure side near their TEs. To accommodate blowing system the TEs of these blades were made blunt.  Digital Particle Image Velocimetry was used to obtain flow visualization and velocity field.  Instantaneous and average data shows that 9 degrees increase in turning is achieved with 1% blowing. An optimal value of blowing that minimizes the wake penalty while maximizing the amount of turning yields to an optimal value of blowing <1%.
