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ABSTRACT 
 

 

 

Control of Dynamic Stall using microjet perturbation at the upper, leading edge was 

studied experimentally in a subsonic wind tunnel facility.  A NACA 0015 airfoil was fabricated 

with a field of microjets (200- or 400-micrometers in diameter) to study the effectiveness of 

control.  It was tested in subsonic flow velocities of Mach 0.3 and 0.4 while being dynamically 

pitched sinusoidal between 0- and 20-degrees at reduced frequencies of 0.05 and 0.10.  The Point 

Diffraction Interferometry (PDI) technique was utilized to qualitatively visualize the general 

flowfield and quantitatively to determine the leading edge surface pressure distribution.  In 

addition, a high speed pressure transducer was placed at the 7.5-percent chord location on the 

upper surface.  The airfoil exhibits typical characteristics of dynamic stall until the microjets 

were activated including boundary layer separation, formation and shedding of a dynamic stall 

vortex, and a loss in leading-edge suction pressure.  However, with microjet control activated the 

flow over the airfoil appears to remain attached at angles of attack well beyond the static and 

dynamic stall angles.  All data showed no evidence of dynamic stall occurring using this control 

method up to the maximum angle of attack of 20-degrees.  The PDI data shows a slight loss in 

peak pressure with control, as compared to the uncontrolled case, at low angles of attack.  

However, the controlled case does not exhibit the large loss in leading-edge suction pressure and 

does not have a strong hysteresis variation during the cycle, indicating the suppression of 

dynamic stall.  This control method also alleviates shock induced separation in the Mach 0.4 case 

by preventing shocks from forming at the airfoil’s leading edge area.  Control was also tested 

with 200-micrometer diameter microjets with similar results but was slightly less effective even 

with a higher mass flow rate, making the smaller microjet option less desirable.
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Dynamic Stall 

 

1.1.1 Phenomena 

Rotorcrafts such as helicopters frequently experience a phenomenon known as dynamic 

stall on the retreating blade.  This stall introduces many undesirable effects on the blade such as a 

sudden loss in lift and a strong “nose-down” pitching moment.  Initially, a pitching rotorblade 

exhibits an increase in lift, but as this happens a vortex forms on the leading edge, grows 

stronger, then sheds, creating a large and rapid loss of lift.  This vortex traveling from nose to tail 

on top of the rotorblade causes a large “nose-down” pitching moment.  The blade will continue 

with little lift until the flow finally reattaches itself at lower angles of attack.  In normal operating 

conditions these loads repeat very frequently, typically many times per second, and this causes 

undesired loadings on the blade, the airframe and occupants. 

Dynamic stall is created from the need to get an equal amount of lift from the rotorblade 

on both the retreating and advancing sides.  The flow passing over the blade on either side is 

different, assuming the helicopter is in motion, because the blade’s velocity is opposite the 

advancing flow on the oncoming side and the same, although of a different magnitude, on the 

retreating side.  Different flow velocities on the blades leads to different amounts of lift on the 

blades unless they are tilted to different angles of attack.  By increasing a rotorblade’s angle of 

attack on the retreating side, a helicopter can achieve matching amounts of lift, compared to the 

advancing side, thereby preventing the helicopter from tilting or flipping over sideways. 
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1.1.2 Exploiting Dynamic Stall 

This increase in lift is achieved by exploiting the phenomena of dynamic stall.  Dynamic 

stall occurs similarly to the way static stall occurs, which is by pitching an airfoil up to and 

beyond the angle of attack at which the flow over the airfoil can stay attached to the upper 

surface.  However, with dynamic stall the stall is delayed until later angles of attack because of 

the rapid pitching of the blade.  This time delay created before stall generates a short window of 

time during which a sharp increase in the lift can be exploited, which is what is done on 

helicopter blades as mentioned earlier.   

The feasibility of further delaying this dynamic stall to increase the maneuverability and 

agility of rotorcraft has seen significant investigation in the last decade.  By further delaying the 

stall phenomena, a rotorcraft could attain even higher amounts of lift and increase its 

maneuverability.  Further, if the control scheme could alleviate the problem of the pitching 

moment, by either reducing or eliminating it, the lifespan of the rotorblade could be greatly 

increased.  A possible additional positive side effect of controlling of stall would be to lower the 

auditory loads created by the blades.   This could be achieved by preventing the explosive 

shedding of the boundary layer on the airfoil’s upper surface and also by preventing shock waves 

from being generated near the rotorblade tips. 

 

1.2 Literature Review 

 

In early 1988 Lawrence Carr
1 

(1988) presented a summary of the progress of the 

prediction of dynamic stall up to that date.  While this work made no unique strides of its own, 

this paper did bring together many works in one comprehensive publication and took a large step 

forward in demystifying dynamic stall.  Carr points this work to another possible use in wind 

turbines and the new complications this application would bring.  Carr also gives a step-by-step 

narrative describing the process by which an airfoil progresses from static stall characteristics, 

through increased lift, stall, and reattachment including all the mechanisms occurring on the 

airfoil surface.  This work also makes a major contribution in comparing the effects of many 

parameters in dynamic stall testing including pitch-axis location, mean angle, amplitude, 

frequency, and Mach number effects.  Carr further mentions that the effect of Reynold’s Number 
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on this type of testing is inconclusive due to the fact that this parameter is difficult to vary 

without introducing compressibility effects. 

 

1.2.1 Incompressible Dynamic Stall  

One of the most comprehensive and relatable research results in incompressible dynamic 

stall research was done by M.S. Fancis and J.E. Keesee
2
 (1985).  Their study investigated the 

effects of the pitching motion on the lift, drag, and moment on an airfoil.  This work tested two 

different airfoil geometries, one of which was a NACA 0012, in a wind tunnel using freestream 

velocities in the range of 30 to 70 feet per second (M<0.1) and pitching rates of k=0.001-0.21.  

This work documents a number of important facts about flow over a dynamically pitching airfoil.  

Their first conclusion was that while the pitching rate plays an important factor in the delay of 

stall and increase in lift, the effect that this rate has diminishes with larger pitching rates.  

Another notable finding is that lift coefficient values almost three times that of the steady-state 

values could be achieved with large pitching rates.  This work also points out the existence of a 

steep suction peak on the airfoil’s upper surface which occurs at angles of attack far exceeding 

the static stall angle.  The present work uses this suction peak as a defining characteristic for 

comparison. 

Another early work done in the incompressible regime was conducted by Yasuhiko 

Aihara et al.
3
 (1985).  This research, conducted at the University of Tokyo, tested a non-

conventional airfoil using a stepwise incidence variation.  The airfoil was placed in a low-speed 

blowdown wind tunnel running at a typical velocity of 3 meters per second (M<<0.1).  The 

significant part of this work was the documentation of the deviation from static values, of lift and 

drag, introduced by pitching the airfoil. 

E.J. Jumper et al.
4
 (1987) conducted a very pertinent work relating to the present work.  

Using a NACA 0015 airfoil and a set of pressure transducers Jumper documented the large 

increase in lift created by pitching the airfoil along with the presence and effects of dynamic stall 

including the forward pitching moment.  This work, however, is still in the incompressible realm 

using testing velocities of 26-48 feet per second (M<0.1). 
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1.2.2 Compressible Dynamic Stall 

One of the earliest reviewed works in the field of compressible dynamic stall was by P. 

Lorber and F. Carta
5
 (1988).  Lorber and Carta compiled a data set for an airfoil pitched at a 

constant rate under realistic Mach and Reynold’s numbers. Using a SSC-A09 airfoil and a set of 

pressure transducers and hot-film gages, these two documented many of the same phenomena 

found in this type of research, including the increased suction and delayed stall introduced by 

dynamically pitching the airfoil.  Also documented, and different from the incompressible 

dynamic stall regime, was the existence of shocks created by locally sonic flow under certain test 

conditions.   

Interest in dynamic stall has seen a large increase since the early 1990’s.  Chandrasekhara 

and Carr
6
 (1990) conducted flow visualization tests to determine the effect of Mach number on 

dynamic stall and found, among other things, that the dynamic stall vortex is present in all tested 

cases suggesting that Mach number has no effect on the existence of this vortex.  These two also 

concluded that the dynamic stall vortex convects over the airfoil, and downstream, at a constant 

velocity equal to 0.3U∞.  Further, it is found that compressibility effects are considerable at and 

beyond M=0.3, although this work did not reach velocities near M=0.4 where sonic shocks have 

been documented elsewhere.  Another major conclusion is that increasing the reduced frequency 

will prevent the dynamic stall vortex from shedding until higher angles of attack inferring that 

the lift can be sustained on the airfoil to higher angles of attack before stall occurs. 

L.W. Carr et al.
7 

(1991), conducted a documentation of the complete compressible 

dynamic stall flow field.  This work documented the techniques, especially the Point Diffraction 

Interferometry (PDI) technique used in the present work, that are common to NASA Ames’ 

Compressible Dynamic Stall Facility (for more on this setup see Brock et al.
8
).  Further, this 

work concluded that dynamic stall develops as a region enclosing an area of low energy flow 

while simultaneously supporting the modified outer flow passing over the airfoil and surface 

region.  This research also concluded that the pitching of the airfoil inhibited the development of 

the strong suctions peaks, on the surface and near the nose, that are characteristic of steady flows 

under the same conditions.  Carr makes a major contribution to the understanding of dynamic 

stall by illustrating the process of dynamic stall.  He states that beyond the static stall angle the 

flowfield exhibits a small, but enlarging, region of reverse flow beginning at the upper, trailing 

edge and moving forward followed by large eddies forming in the boundary layer.  Once the 
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reverse flow region approaches the nose, the large dynamic stall vortex forms and causes a sharp 

increase in lift before stall occurs with the shedding of this vortex downstream.  Travel of this 

vortex downstream over the airfoil causes moment stall characterized by the large “nose-down” 

pitching moment which is followed by lift stall. 

Chandrasekhara and Platzer
9
 (1992) published a report of their work which was also 

conducted at NASA Ames’ Compressible Dynamic Stall Facility (the same laboratory the 

present work was conducted in).  Their work with compressible dynamic stall was documented 

using Point Diffraction Interferometry (PDI) and they make a few profound conclusions in their 

work.  Their first important conclusion is that the suction peak on an airfoil undergoing dynamic 

pitching is the same for all unsteady pitching rates and only varies with Mach number.  

Secondly, this suction peak variation with Mach number is an inverse relationship with suction 

peak pressure decreasing as Mach number increases.  Another profound statement made in this 

work is that dynamic stall is caused by the bursting of the laminar separation bubble on the 

airfoil’s upper, forward surface. 

Chandrasekhara et al.
10

 (1994) later focused their work on the flowfield around a 

dynamically pitching NACA 0012 airfoil.  This work documents the “λ”-shocks created when 

the freestream flow is sufficient to create locally supersonic flow near the airfoil surface 

( ).  This feature, along with the compressibility restricting the dynamic stall vortex and 

an induced anti-clockwise vortex at the trailing edge, documents a flowfield with increasing 

complexity and requiring further investigation. 

M 0.4∞ ≥

More recently Chandrasekhara and Wilder
11

 (2003) instrumented a NACA 0012 airfoil 

with heat-flux gages to measure the surface friction on the airfoil.  Chandrasekhara focused this 

work on surface diagnostics in an attempt to understand the flow properties at the surface better 

and possibly to define a prediction method for dynamic stall.  This research clearly documents 

the features of compressible dynamic stall and their chronological progression.  Using 3-

dimensional plots Chandrasekhara shows the reattachment process more clearly than ever before 

by showing the Deep Dynamic Stall region progressing through the turbulent Reattachment Line 

and subsequently through the Relaminarization Line while also including the Laminar Separation 

Bubble growing near the nose of the airfoil.  Along with many other findings, this paper 

concludes that the dynamic stall vortex is formed at the leading edge through the bursting of the 

laminar separation bubble unless sonic shocks are present. 
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From these works a few things are made evident.  The first point is that dynamic stall is 

effected predominantly by two variables, freestream Mach number and reduced frequency.  

Other important factors include Reynolds number, airfoil geometry, and mean angle of attack.  

The final important conclusion is that compressibility effects cause dynamic stall’s adverse 

effects to be stronger or to occur earlier and thus be more prevalent and detrimental.  Therefore 

compressibility is seen as an additional facet to dynamic stall rather than as an entirely different 

case for study.  It is for this reason that efforts to control dynamic stall must not only attempt to 

control dynamic stall in the incompressible regime but must also attempt to control 

compressibility effects as well. 

 

1.2.3 Control of Dynamic Stall 

The control of dynamic stall has seen a great deal of attention in recent years.  Zaman
12

 

(1990) published a paper of the effects of acoustic excitation on the boundary layer of 

dynamically stalled airfoils.  This work claims an achieved trend towards reattachment with the 

acoustic excitation activated after stall has occurred.  This effect is also complemented by an 

increase in lift and a decrease in drag although the flow may still remain separated.  An increase 

in the excitation amplitude results in an increase in the effect of control.  This experiment, 

however, was run at a relatively low Reynolds number (below 500,000). 

Wilder
13

 (1995) filed a comprehensive report with NASA to summarize the effect various 

parameters have on the dynamic stall phenomena and other associated affects.  Wilder notes the 

presence of shocks at the airfoil nose in flow as slow as Mach 0.4 and also points to the adverse 

effect it has in inducing separation of the boundary layer over the airfoil.  The author suggests 

that at this condition, at certain angles of attack where the shocks are present, a special airfoil 

geometry is needed to avert the formation of these shocks.  A Dynamically Deforming Leading 

Edge (DDLE) airfoil is proposed as a solution to this shock induced dynamic stall.  A major 

conclusion of the compilation, which has been evident in previous works but not explicitly 

concluded, is the trend of a decreasing angle of attack at separation with increasing freestream 

Mach number.  This exemplifies the effects of compressibility on dynamic stall and further the 

necessity to avert these effects to further exploit dynamic stall.  One final, substantial conclusion 

mentioned in this paper is that the dynamic stall vortex forms during less than one-half of a 
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degree of attack and has a degree of randomness in that this formation does not reproduce itself 

exactly every time. 

An oscillatory blowing technique to control dynamic stall has recently been tested by 

Allan et al.
14

 (2000).  The oscillatory blowing is operated at a frequency of 385-Hz and the 

blowing is located slightly upstream of the typical flow separation point.  Testing at a Reynolds 

number of 16 million and a Mach number of 0.25, this work finds that the blowing reduces the 

turbulent separation bubble and this reduction can be adjusted by varying the amplitude of 

excitation.   

P. Lorber et al.
15

 (2000) studied the feasibility of three different dynamic stall control 

techniques.  The first technique was a Directed Synthetic Jet.  This jet is a series of slots located 

on the upper surface and near 6% of chord.  Also, this jet is synthetic in that it is acoustically 

driven to periodically suck and blow air at the airfoil surface.  The second technique is Periodic 

Flow Modulation, which utilizes the same type of slot as previously mentioned but uses a 

compressed air supply and a concentric cylinder valve to pulse the jet.  The final technique 

presented is Plasma Actuation by which a small region of plasma is produced by an electrode, 

which then excites instability modes in the flow.  All three of these techniques have been shown 

to be effective by delaying the onset of dynamic stall and increasing the maximum coefficient of 

lift, CL. 

Sahin et al.
16

 (2000) has numerically tested a dynamically deforming leading edge 

(DDLE) airfoil design.  This work concluded, numerically, that the deforming edge airfoil 

exhibited a “milder” hysteresis loop as compared to the baseline NACA 0012 airfoil that it 

exhibits when not deformed.  The results were repeatable with an airfoil with a deformed nose 

throughout the cycle indicating that the deformed shape created the effect and not the dynamic 

response of the leading edge.  This work also concluded that at a freestream Mach number of 0.4 

there would be shocks present near the nose when the leading edge was deformed resulting in the 

cancellation of any positive effects previously achieved with the control technique. 

Tung and Chandrasekhara
17

 (2000) later successfully tested such a dynamically 

deforming leading edge airfoil as well as: variable droop leading edge airfoil, a slatted airfoil, 

and oscillatory blowing.  This work was conducted in a freestream of Mach 0.3-0.4 and reduced 

frequency of k=0-0.1.  The DDLE exhibited a delay in the onset of dynamic stall and an earlier 

angle of reattachment during the downstroke as well as large suction pressures beyond the 
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baseline dynamic stall angle.  The slatted airfoil displayed a delay in dynamic stall from 12-

degrees for the baseline case to 16-degrees for a 6-degree slat and to 18-degrees for a 10-degree 

slat.  This airfoil also indicated a sustained lift during these periods and decreased pitching 

moment variations due to the lack of a dynamic stall vortex.  The oscillatory blowing airfoil 

utilized a zero-net-mass-flux technique but could not produce high amplitude perturbations in the 

flow due to size and mechanism constraints.  This airfoil only produced marginal effects on 

dynamic stall and achieved only a 1.5-degree delay in the onset of dynamic stall.  The final 

airfoil, the variable-droop leading edge airfoil, produced the most profound effects of the four.  

This airfoil caused a reduction of over 50-percent in the negative peak pitching moment as well 

as a “considerable” reduction in the pressure drag.   

 

1.3 Uniqueness of Work 

 

This particular research holds its uniqueness in the method in which the dynamic stall is 

interrupted.  The experimental airfoil, which models a pitching rotorblade, is fabricated with over 

400 microjets on its upper leading edge.  These microjets measure 400-micrometers in diameter, 

but for one particular experimental case, specifically noted in the text, these microjets measure 

200-micrometers in diameter.  The airfoil is hollowed out near these microjets and the cavity 

created is pressurized to power the “microjets” which then blow into the flow passing over the 

wing.   

This control method has no moving parts making it reliable and is also very robust in 

being able to perturb the boundary layer with microjet pressures up to 115 psig (while retaining a 

yielding factor of safety of almost 4 for the airfoil body).  Using microjets also allows the flow to 

remain undisturbed if desired since there is almost no change to the airfoil surface. 

It is hypothesized that this control method will thicken the boundary layer and thus 

spread out the energy developing as the airfoil pitches beyond the static stall angle.  With a 

thicker but less coherent and energetic boundary layer the dynamic stall vortex will take longer 

to form thus delaying the onset of dynamic stall.  An additional possibility is that the microjets 

will add some degree of three-dimensionality to a two-dimensional flow which could also hinder 

the formation of the dynamic stall vortex. 
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This research analyzes the effects these microjets have on the dynamic stall flowfield.  

These effects will be quantified using flow visualization, computer analysis, and direct pressure 

measurements.  Desired quantities include: angular delay in dynamic stall, increase in lift/suction 

peak, and reduction of negative pitching moment.  Finally, if successful, this work will begin to 

optimize the level of perturbation needed to achieve sufficient boundary layer disturbance and 

dynamic stall delay. 
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CHAPTER 2 

EXPERIMENTAL SETUP 

2 NEW 
 

2.1 Apparatus & Setup 

 

 

2.1.1 Airfoil 

In order to mimic the conditions a typical rotorblade encounters requires some 

specialized hardware.  The blade was modeled with a NACA 0015 airfoil with a 6-inch chord 

and a 9.8-inch width.  This shape was chosen for its simplicity of design, due to its symmetry, 

and for its applicability to common rotor blades.  To create the high speed, compressible flow 

over the airfoil, a blow-down wind tunnel was necessary, since flow velocities of Mach 0.3 to 0.4 

are not feasibility produced in closed-loop wind tunnels.  The last major condition to create is the 

dynamic pitching of the airfoil while in the wind tunnel.  This was accomplished by mounting 

the airfoil between circular windows on the wind tunnel and rotating them in place using an AC 

motor, an eccentric plate and a link bar, as shown Figure 2-1. 

The control system for this work was a field of 424 microjets, 400-micrometers in 

diameter, placed in a regular, rectangular pattern on the upper, forward surface of the airfoil from 

0- to 12-percent chord.  The airfoil was also hollowed out at the nose to a thickness of one-eighth 

of an inch to create a plenum from which to power the microjets.  In order to power these 

microjets a supply of compressed air was necessary.  To accomplish this a slot in the two circular 

windows was utilized by placing air duct extensions on the end caps of the airfoil (see Figure 2-

2).  This plenum was pressurized to pressures ranging from 15psia (≈2.5psig) to 80psia 

(≈67.5psig).  A notable noise reduction was noticeable at pressure less than 20psia.  A sufficient 

reduction was exhibited at a plenum pressure of 21psia therefore all results discussed use this for 

a control pressure unless otherwise noted.  It should be noted, however, that at a plenum pressure 

of 21psia these microjets are not at a choked condition (M=1) given that the static pressure inside 

the wind tunnel is 12.6psia. 
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Figure 2-1 : Wind tunnel Pitching Mechanism Schematic 

 

 

 

There are two important parameters which dominate this control scheme, the mass flow 

rate and the momentum flux out of the microjets.  The amount of output mass, or momentum, 

dictates to what degree the control can effect the boundary layer over the airfoil.  Since the only 

operating parameter of the microjets that can be varied is the input pressure, these two quantities 

are proportional to each other and only one needs be considered.  The mass flow rate out of the 

microjets could be calculated, but with the number of possible losses in this system the values 

were experimentally measured and are presented in Figure 2-3. 
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Figure 2-3 : Mass Flow Rate vs. Plenum Pressure Plot 
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2.1.2 Facility 

For this work all the experimental work was conducted at NASA Ames Research 

Center’s Compressible Dynamic Stall Facility under the direction of Dr. M. Chandrasekhara.  

This facility has already been setup for the testing of compressible dynamic stall and for 

documenting its characteristics and effects (see Figure 2-4).  The testing conditions were also 

kept comparable to Dr. Chandrasekhara’s work to check for similarity in results.   

 

 

 

 

Figure 2-4 : Photo of Compressible Dynamic Stall Facility at NASA Ames 

 

 

 

There were three main testing conditions, two of which were varied.  The only condition 

not varied was the pitching function, which was α=10
o.
sin(ωt)+10

o
.  From the function it can be 

seen that the mean angle was set at 10-degrees and was varied with an amplitude of 10-degrees.  
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The freestream flow velocity was set to show the effects of high subsonic flow at Mach 0.3 and 

in the transonic regime at Mach 0.4 corresponding to Reynolds numbers of 1.06 and 1.40 

million, respectively.  These velocities are calculated from measuring the stagnation pressure, Po, 

and the dynamic pressure, q, in the wind tunnel and using isentropic flow identities. 

  

 

γ-1
γ

o

o

P 2
M -

P -q
1

γ-1

 
  = ⋅     

  (2.1) 

 

The second condition that was varied was the frequency of oscillation of the airfoil.  The 

two pitching frequencies used were 10 and 20 Hz.  For comparison the pitching rates were non-

dimensionalized as the reduced frequency k, whose formula is shown below where f is the 

pitching frequency, c is the chord length, and U∞ is the freestream velocity: 

 

 
∞

⋅⋅
=

U

cfπ
k  (2.2) 

 

Once running, the experiment also had to be documented.  Recording the characteristics 

and effects of dynamic stall can be quite difficult due to their extreme speeds.  Fortunately, the 

Compressible Dynamic Stall facility at NASA Ames is equipped with a Point Diffraction 

Interferometry (PDI) quantitative flow visualization setup.  This setup is the same as a Schlieren 

optical system with the replacement of the knife edge with a semitransparent photographic plate 

with a clear “pinhole” located at the center of the laser beam (see Figure 2-5).  The pinhole is 

created in-situ by burning the film coating with the high laser energy prior to use each day. 

The flow visualization setup uses a Schlieren optical system with a pulsed Nd-YAG laser 

with a wavelength of 532-nanometers for a light source and the pinhole plate, mentioned earlier, 

as the systems knife edge.  The beam is sent through a microscopic objective lens to fill a portion 

of the first Schlieren mirror, which is located at the focal length of the lens.  The rays are then 

reflected parallel to each other through the wind tunnel’s test section and onto the second 

Schlieren mirror.  This mirror focuses the rays onto the photographic pinhole plate (Agfa 8E75) 

located at the mirrors focal length.   
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Figure 2-5 : Point Diffraction Interferometry (PDI) Setup 

 

 

 

With no flow in the test section the laser’s power was increased until a pinhole was 

burned into photographic emulsion on the plate.  This pinhole is made to be between 40- and 

120-micrometers in diameter.  A 40-micrometer hole will provide excellent contrast but 

produces dark images.  The 120-micrometer hole will oppositely provide a bright interferogram 

but with poor contrast.   

This setup utilizes the wave nature of light to visualize regions of the flow with constant 

density.  When all the light rays pass through the test section parallel to each other the different 

densities in the flow bends the rays to varying degrees.  Once through the section the rays are 

culminated again using a mirror and lens identical to the pair seen on the opposite side of the 

tunnel.   These rays then pass through the photographic pinhole plate.  The pinhole in the plate 

15 



acts as a point source of light and effectively “cleans up” the signal.  This is referred to as the 

reference beam.  The rays that pass around the hole retain the aberrations picked up in the wind 

tunnel and act as the signal beam (see Figure 2-6).  These two beams interfere to produce images 

that are exposed onto Polaroid film (ASA 3000) to record the flow (see Figure 2-7). 

What this image shows are regions of constant density that are called fringes.  The fringes 

are numbered with the bright fringes carrying whole values (0, 1, 2,…) and the dark fringes have 

half-integer values (1/2, 3/2, 5/2,…).  The fringes can be numbered starting with any fringe 

desired and then each fringe corresponds to an equal differential in density.   

 

 

 

 

Figure 2-6 : Pinhole Plate/Beam Separation Schematic 
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Figure 2-7 : Sample PDI Image (Interferogram) 

 

 

 

 

2.1.3 Unsteady Pressure Measurements 

After two rounds of testing at NASA Ames’ FML the airfoil was outfitted with two high 

frequency Kulite pressure transducers.  These transducers were installed in the airfoil at 2.5- and 

7.5-percent chord locations on the upper surface and were flush mounted to keep the flow 

undisturbed.  These locations were chosen because 2.5-percent and 7.5-percent are the location 

of the suction peak and the median location of separation, respectively.  It is hoped that these two 

locations will show characteristics of dynamic stall and may even provide for the future 

prediction of dynamic stall.  At this point, however, this is a small scale outfitting of the airfoil to 

examine whether or not a more expensive full scale test is desirable.  

The transducer wires were run through the plenum, out the end cap air slot and out a 

specially fabricated brass plug in one of the airfoil extension blocks (which connect the air hose 

to the air slot).  The wires were wrapped with Teflon tape and compressed into a narrow hole 

drilled into the brass plug (see Figure 2-8).  Although not extremely robust, this technique was 

successful and repeatable but only used for the small scale run.  A full scale instrumentation 
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Figure 2-8 : Image of Transducer Wiring 

(Airfoil installed in Calibration Rig) 

 

 

 

would require a much more creative and extensive plan for connecting to the transducer wires 

without allowing the compressed air to escape. 

After exiting the wires from the testing unit the wires were connected to their proper 

apparatuses.  The two pairs of source wires were connected, in parallel, to a 10-volt power 

supply while the two pairs of signal wires were separately connected to a filter-amplifier unit.  

The low pass filters were set at 1-kHz for both transducers and the amplification was set at 20 dB 

for the forward transducer and 40 dB for the rear transducer.  Following this signal conditioning, 

the signals were connected to a data acquisition board and recorded with a personal computer.  

The data was recorded on the computer for a period of 10-seconds at a rate of 4000-Hz for a total 

of 40000 data points.  Each voltage recorded from the pressure transducer was paired up with the 
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corresponding angle of attack, which was read simultaneously from the optical encoder.  All the 

transducer values were combined in “bins” according to the angle of attack read from the optical 

encoder.  Following the test run, the values in each bin were averaged to give a statistical, 

ensemble time average pressure profile for that transducer. 

The final setup step for these transducers was the in situ calibration.  Using a soft silicone 

suction cup and a hand pump, with the pressure monitored with a reliable transducer, a series of 

known pressures was applied to the Kulite units and voltage data taken for these corresponding 

pressures.  Using the series of data taken, along with the known pressure values, a calibration 

was derived for the units.  Unfortunately, just before the beginning of testing, the forward, 2.5-

percent location transducer failed due to a pair of broken wires that were out of reach and time 

did not allow for dismantling of the wind tunnel to fix the unit. 
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2.2 PDI Technique 

 

 

 

2.2.1 Governing Equations 

Select Polaroid photographs were digitized at 1200dpi to allow for accurate manipulation 

and calculation.  For each photograph a table was made of the pixel coordinates of the 

intersection of each fringe with the airfoil or the intersection of a fringe with the local boundary 

layer.  The chordwise locations of each fringe was then calculated from the coordinates after 

finding the nose of the airfoil geometrically and deriving a pixel-length calibration utilizing 

known parameters in each photo.  In order to calculate the density along any fringe line the 

Gladstone-Dale equation must first be employed.   
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In the preceding formula n is the refractive index of air and ρ is the local density of the 

flow.  Also, in this equation C is known as the Gladstone-Dale constant.  By evaluating the 

constant C at a known condition, the freestream condition in this work, equation 2.4 can be 

solved for density as follows: 
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where the subscripts refer to reference conditions, taken here to be the freestream conditions. 

The interferograms are most noticeable because of their bright and dark fringes.  These 

bright and dark regions, as described earlier, are due to the path length difference, ∆PL, between 

the reference and signal beams.  From the principles of interference it is known that, since the 

dark regions are areas of destructive interference and the bright regions areas of constructive 

interference, the path length difference for dark fringes are half-integer (1/2, 3/2, 5/2…) 

multiples of the laser wavelength.  Similarly for the bright fringes the path length difference will 

be a whole integer (1,2,3…) multiples of the wavelength.  Each successive fringe (bright↔dark) 

presents a change of one-half the wavelength in path length difference.  Bright fringes are 

assigned integer values (1,2,3…) while dark fringes are assigned half-integer values 

(1/2,3/2,5/2…).  Fringes count upward as the density increases with the freestream condition, 

chosen as the reference condition, to be assigned fringe number zero.  This gives: 
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λ
∆PL

=  (2.6) 

 

where λ is the wavelength of the laser and ε is the fringe number. 

This fringe number can also be expressed as the path length difference between the two 

beams in a vacuum due to a disturbance.  This is given as: 

 

     ( )∆PL 1ε n n dZ
λ λ ∞= = − ⋅∫  (2.7) 

 

For equation 2.7 Z is the integration variable along the beam path in the test section only.  

This equation, combined with the Gladstone-Dale equation, equation 2.4, simplifies to a function 

of density.   

 

  ( )dZρρ
λ
C

λ
∆ε ∫==  (2.8) 

PL
∞−

 

Further, assuming this is a two-dimensional flow, the integration portion simplifies and 

yields the following: 

 

 ( )∞−= ρρ
λ
Lε  (2.9) 

 

where L is the span of the test section. 

For the Compressible Dynamic Stall experimental facility at NASA Ames this equation 

has been simplified as
7
: 

 

 ε
m

kg
0.009421ρρ

3
⋅=− ∞  (2.10) 

 Since the density can be broken down to a function of pressure alone, using isentropic 

flow relations, the pressure can be found from the fringe number also.  These pressures are 
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calculated in Formula 2.10 where R is the specific gas constant for air (0.287 kJ/kg
.
K) and γ is 

the specific heat ratio for air (1.4): 
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Now that the pressure can be calculated from the fringe number and freestream 

conditions, the amount of lift on the airfoil can be found.  However, in this work only sectional 

lift values, from local suction pressures, can be found since the diagnostics used only focused on 

a portion of the airfoil and not the entire airfoil.  For comparison this quantity needs to be non-

dimensionalized.  The pressure coefficient, Cp, is the proper quantity to characterize this quantity 

and is calculated as follows: 
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One further quantity commonly referred to in this work is the Nozzle Pressure Ratio 

(NPR).  The NPR is an important quantity because it is this ratio that determines the speed of the 

jet relative to the local speed of sound (a ratio of 1.8 is necessary for sonic flow).  The NPR is 

defined as follows with pressures always in static and absolute quantities: 
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Certain images with M=0.4 and low angles of attack exhibited shocks on the upper nose 

of the airfoil indicating local supersonic flow.  Since this study ignores the entropy change of 

vortical flow, the interferograms containing shocks were not processed. 

 

 

 

2.2.2 Image Processing 

To begin processing the images, one reference point must be chosen and the density at 

these points known.  The point used in processing these images was from the freestream 

condition.  The freestream conditions were assigned the fringe number zero and all other fringes 

are counted off that fringe with regions of higher density given negative fringes numbers and 

regions of lower density given positive fringe numbers.  The freestream conditions are directly 

measured during testing using pressure transducers.  The stagnation density can be calculated 

using these measured quantities and the fact that at the stagnation point the velocity equals zero 

using the assumption that the entropy does not change (∆s=0).  The Mach number, M, is also 

necessary and is found from equation 2.1.  
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The only fringe that can be picked out of the interferograms qualitatively is the stagnation 

fringe.  Due to this fact it is necessary to calculate the fringe number, ε, of this fringe for both the 

Mach 0.3 and Mach 0.4 cases.  However, the stagnation pressure changes depending upon Mach 

number because of the losses, which are proportional to velocity, introduced by the wind tunnel’s 

filters.  This fringe number is calculated using the freestream and stagnation pressures directly 

measured in the wind tunnel, used to calculate density, and by rearranging equation 2.10 as 

follows. 
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It is now appropriate, with these values known, to begin labeling the fringes in the 

interferograms, known as “fringe counting.”  First the stagnation fringe must be found and it is  

 

 

Fringes Bending 

+10.0+12.5+15.0

+17.5, Suction Peak (for this case)

+15.0 

+10.0 

-2.0 

0.0, Freestream Fringe

+5.0 

-5.0 

-4.5 
-4.0 

ε=-5.5, Stagnation Fringe 

Figure 2-9 : Sample Interferogram with Fringe Labels 
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characterized by a closed region, near the nose, on the underside of the airfoil which often 

resembles a bubble.  This is only one of two places on the airfoil surface where a fringe starts 

and stops with no other intermediate fringes separating it and is the most obvious.  Starting here, 

at the stagnation point, beginning with the stagnation fringe value calculated for that particular 

freestream case (M=0.3 or M=0.4), begin counting the fringes in a clockwise direction and in 

ascending order.  A sample, labeled interferograms is shown in Figure 2-9. 

Also notice in the image where the fringes make a considerable streamwise bend over the 

airfoil.  The fringes bend nearly parallel to the airfoil in this region due to the much slower 

velocities (sometimes even negative velocities) and enhanced mixing that is occurring.  The 

pressure gradients continue on in the same pattern through this region contrary to the bending of 

the fringes.  For this reason the fringes at the surface of this boundary are “dropped down” to the 

surface of the airfoil and used for the surface pressure measurements (the downstream side of 

fringes 15.0, 12.5, and 10.0 exemplify this in Figure 2-9). 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3 NEW 
 

3.1 Explanation of Interferograms 

 

The interferograms obtained of the testing unit and corresponding flow is of both a 

qualitative and a quantitative nature.  Qualitatively these images show the nature of the flow over 

the airfoil during its pitching motions.  Using digitization and several calculations these images 

can yield many numerical quantities such as lift and local Mach number.  First the qualitative 

observations will be discussed to gain an understanding of the phenomena of dynamic stall. 

Figure 3-1 is a sample interferogram image at the conditions M=0.3, k=0.10, and α=18.0-

degrees.  This image exemplifies many important features of the flow over the airfoil.  The first 

feature to notice is the existence and location of the stagnation bubble near the leading edge and 

on the lower surface.  This is where the fringes circle around and reconnect with the airfoil in the 

lower left-hand portion of the image.  Another feature is the concentration of fringes near the 

airfoil nose indicating a large density gradient caused by the rapid acceleration of the flow over 

the airfoil.  This acceleration creates the suction pressure over the airfoil that creates lift.  In this 

particular image the peak fringe number is 8 and this corresponds to a local pressure of 85.88 

kPa.  Also notice the existence of the separation bubble far from the leading edge but directly on 

top of the airfoil.  This does not appear in every image but is indicative of dynamic stall.  

Further, these images only document the first 30-50% of the airfoil so it is not possible to know 

whether stall has occurred near the trailing edge where the separation typically begins in every 

image. 
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Figure 3-1 : Flowfield diagram 

No Control, M=0.3, k=0.10, and α=18
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The last feature to notice in these images is the existence and location of the Viscous 

Boundary Layer, referred to as the Free Shear Layer by Shih et al
18,19

.  This is a region 

characterized by a small number of thin fringes that border either the Separation Region or the 

airfoil upper surface (depending on whether or not dynamic stall has occurred).  This is a marker 

for the edge of the boundary layer.  In this region there is a great deal of mixing and because of 

this the temperature gradient can be considered zero.  Consequently the fringes cannot be 

considered to be lines of constant pressure as elsewhere.   

Other interferograms will contain many of these same characteristics but with differing 

values of fringes depending upon the angle of attack and below a certain threshold value of α the 

Separation Bubble will disappear.  Other anomalies will be pointed out in discussion. 
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3.2 Qualitative Analysis 

 

3.2.1 M=0.3, k=0.10 

Figure 3-2 shows representative interferograms for the case of M=0.3 and k=0.10.  The 

three pairs show the reattachment of the Separation Bubble at lower angles of attack.  The three 

No Control images (upper row) show a separation region at a high angle of attack.   

The With Control images contain the clear presence of microjets on the upper leading 

edge blowing outwards.  In comparison with the images when the microjets are not pressurized 

(No Control), these images show the elimination of the separation region and thus the control of 

dynamic stall at this angle.  This control works consistently throughout the angles of attack 

documented. 

These images also show a consistent dislocation of the viscous boundary layer.  In all 

interferograms there is a region in which the fringes bunch up in a narrow region and bend nearly 

parallel to the upper surface of the airfoil.  This region is directly next to the airfoil when 

separation is not present and creates the boundary of the Separation Bubble when it is present.  

During microjet pressurization this region is displaced away from the airfoil surface even for 

cases when there is no separation in the no control case.  In these cases this region can be seen 

emanating at a small angle away from the last microjets and is characterized by the sharp turns 

the fringes make in this region, making the fringes nearly parallel to the airfoil surface.  It is also 

noticeable that in cases when separation would have occurred without the microjets, this viscous 

boundary layer has moved very little, compared to lower angles of attack with control, and 

indicates that there is no separation region present in the picture. 

 

3.2.2 M=0.3, k=0.05 

There were more images obtained for the case of M=0.3 and k=0.05 and are presented in 

Figure 3-3.  This sequence shows the No Control case developing from no stall (no separation) 

below 12-degrees through stall near 15.9-degrees to the top of rotation at 20-degrees.  In all three 

of these cases the With Control case clearly exhibits no Separation Bubble and thus has not 

stalled.  Further, all the features discussed for the k=0.10 case are present and nearly identical 

including the viscous boundary layer and its deflection with control activated.  These findings 
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Figure 3-2 : Effect of Microjet Control on Dynamic Stall 

M=0.3, k=0.10, NC & WC (21.7psia) 
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Figure 3-3 : Effect of Microjet Control on Dynamic Stall @ k=0.05 

M=0.3, k=0.05, NC & WC (21.7psia) 
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are more impressive than for the previous case due to the fact that dynamic stall occurs at a lower 

angle of attack and the control scheme exhibits an equally dominant effect. 

 

3.2.3 M=0.4 

Upon increasing the freestream Mach number to 0.4 a portion of the flow over the airfoil 

will reach sonic speeds, as exemplified by the shocks in the left image in Figure 3-4.  These 

shocks only exist through a small range of angles of attack from α=12.5-degrees to α=14.6-

degrees.  

Fewer interferograms were taken at this freestream velocity since the previous case, 

M=0.30, is easier to analyze due to the lack of shocks located in the flow.  The series of images 

given for M=0.4 and k=0.05 is representative of both k=0.05 and k=0.10 cases thus another 

series of interferograms is not necessary.  There is an amount of  “spottiness” in some of the 

images in Figure 3-5 (mainly the two lower angles) but this does not affect the results, this is 

merely an error in the optics that was correct (and has not been repeated). 

Identical to the slower freestream case these images show the No Control sequence 

starting with no separation at almost 13 degrees and with separation at 18-degrees and 20-

degrees.  The With Control cases exhibit no separation of the flow at any of these three angles 

thus demonstrating control of the dynamic stall phenomena.  It has been observed that the fringes 

are slightly more erratic and less parallel to the airfoil surface than they are in the M=0.3 cases.  

This may suggest that in the higher velocity freestream the With Control case may be closer to 

stalling than before. 

 

3.3 200 µm Microjets 

 

The experimental airfoil was also set up with 200 µm microjets to test the level of 

perturbation needed to achieve the desired control.  This setup utilized a slightly different pattern 

in the microjet region than the previous airfoil to maximize coverage of the microjets.  The 

smaller diameter of the microjets also equals a 75% reduction in the mass flow rate out of the 

jets.  

The 200 µm microjets were tested at gauge pressures of 30, 60, and 80 psig, relative to 

atmospheric pressure (≈14.7psia).  The pressures were increased from the previous case since 
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Figure 3-5 : Effect of Microjet Control on Dynamic Stall @ M=0.4 

M=0.4, k=0.05, NC & WC (22.0psia)
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penetration depth is dependant upon jet diameter and jet velocity.  Figure 3-6 shows four angles 

of attack and both no control and with control at three different pressures.  These interferograms 

show the level of dynamic stall control that can be achieved depending upon the microjet 

operating pressure, which is what the penetration depth depends upon. 

These images in Figure 3-6 show that an operating pressure of 30 psig only has an effect 

on the Separation Region at lower angles of attack (only the first row in this series).  The next 

operating pressure, 60 psig, shows a significant influence on Separation at all angles of attack up 

to 20-degrees.  It cannot be concluded from these images, however, that this operating pressure 

controls the dynamic stall through 20-degrees of attack since there fringes over the airfoil, away 

from the leading edge, seem non-uniform and slightly erratic. The last two rows in the figure 

appear to possibly be separating at 60 psig.  The highest operating pressure, though, does exhibit 

Dynamic Stall control up to 20-degrees of attack.  With the microjets operating at 80 psig the 

penetration depth is significant enough to cause the flow to remain attached to the airfoil’s upper 

surface. 

With the smaller microjets operating at 80 psig the dynamic stall phenomena can be 

averted just as it was for the larger microjets at a lower pressure.  This is exemplified by the 

images obtained for k=0.10, Figure 3-7.  All three angles of attack, 15.5-, 18.0- and 20.0-degrees, 

show that separation can be prevented, or at least delayed, using these smaller microjet 

disturbances in the flow.  For the lowest of the three angles, the no control case had no stall so no 

effect can be seen with control.  At the other two, however, stall is occurring without control and 

is absent with control.  In the image for 18.0-degrees, the no control case does not clearly show 

separation and that is most likely because at this angle stall is only starting.   The microjets clear 

up this non-uniform fringe pattern indicating that stall is not beginning. 

Although the 200-µm microjets do have an effect on the dynamic stall, they do not affect 

the flow as well as the 400 µm microjets.  This can be clearly seen in Figure 3-7 where three 

different angles of attack are compared to each other with the No Control case and both the 200-  
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Figure 3-6 : Effect of size on microjet control on Dynamic Stall 

M=0.30, k=0.10, d=200µm.
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and 400-µm microjet control schemes present.  At the relatively low angle of 15.5-degrees both 

schemes work equally well but once the airfoil reaches an attack angle of 18.0-degrees the 200-

µm microjet scheme begins to lose its ability to prevent separation as indicated by the upward- 

turn exhibited in the fringes located behind the microjets.  At this same angle the 400-µm scheme 

works better at preventing flow separation from the airfoil’s upper surface.  It is also important to 

note that the 400-µm control scheme uses a much lower operating pressure of 21 psia (8.4 psig) 

with a corresponding nozzle pressure ratio of 1.7 as compared to 7.5 for the smaller jets.   It 

should also be pointed out that the ratio of these NPR’s is just over four which is also the ratio of 

the microjet nozzle output areas.  This indicates that the mass flow rate, rather than the velocity, 

of the jets is the driving parameter to this control method. 

 

3.4 Quantitative Analysis 

 

3.4.1 Fringe Counting 

In order to obtain quantitative data for these images is was necessary to digitize the 

interferograms, which were originally recorded on Polaroid photographic paper.  The points 

where the fringes met the airfoil, and the fringe numbers, were recorded.  Using this data it was 

possible to calculate the pressure vs. chord-wise location (x/c) profile.  Also the coefficient of 

lift, CL, can also be calculated 

Figure 3-8 shows the effect that the microjet control has on the surface pressure around 

the airfoil at one particular angle of attack.  The vertical axis represents CP, a non-

dimensionalized quantity related to the surface pressure mentioned previously.  This plot clearly 

shows that the microjets have a beneficial effect on the surface pressure at this given angle.  This 

is the case for angles of attack beyond the uncontrolled dynamic stall angle with the effect being 

greater at higher angles.  Below the stalled angle of attack this plot exhibits slightly decreased 

values of Cp demonstrating a slight loss in suction pressure.. 

Figure 3-9 clearly shows the effect that the microjets have on the suction peak for a broad 

range of angles of attack.  The With Control case loses a small amount of suction during lower 
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Figure 3-7 : Effect of 200 µm microjet control on Dynamic Stall compared to 400 µm control   

M=0.30, k=0.10      
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angles of attack.  It  does not, however, experience as severe a loss of surface pressure as the No 

Control case does once separation begins near α=14.5 degrees for the reduced frequency case of 

k=0.05 and near α=16 degrees for k=0.10.  From that point the microjet controlled case retains 

much more of its suction all the way through the return stroke.  The No Control case exhibits a 

sharp decrease in suction pressure and the characteristic “toe-loop” upon reaching the angular 

apex.  This steep decline in surface suction is caused by the onset of dynamic stall and continues 

with a lower amount of suction until angles of attack much lower than the static stall angle where 

the flow reattaches itself.  When this airfoil returns to lower angles of attack and slowly regains 

its suction pressure this loop closes itself and repeats.  Clearly the microjet control is reducing 

the adverse affects that dynamic stall places on an airfoil and may also be allowing for a greater 

envelope for exploitation of dynamic stall in rotorcraft.   

Figure 3-9 shows the crossover between controlled and uncontrolled conditions exhibited 

after the onset of uncontrolled dynamic stall.  After this crossover the airfoil exhibits higher 

suction pressures with control which compensates for the sacrifice demonstrated before stall.  

Figure 3-10 makes this trend much clearer by plotting the change in suction peak pressure versus 

the angle of attack.  This plot has the same data as Figure 3-9 but plots their differences to make 

the effect of control much more obvious.  It is obvious from this plot that the control scheme 

significantly increases the suction peak pressure after the onset of uncontrolled dynamic stall.  

Further, it is clear that the amount of suction retained after this uncontrolled dynamic stall is 

greater than the small amount of suction pressure sacrificed before stall.  These quantities are 

indicative of the amount of lift being generated by the airfoil but are not necessarily conclusive.  

In order to obtain data on the lift generated by the airfoil would require documentation of the 

surface pressure profile of the entire airfoil rather than the forward 30- to 50-percent as is this 

case here.   
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Figure 3-8 : Effect of microjet control on Surface Pressure 

M=0.3, α=19.9 deg upward 

a)  CP vs. x/c for k=0.05,  b)  CP vs. x/c for k=0.10 

39 



b)

-4

-3

-2

-1

0

1

0 0.05 0.1 0.15

x/c

C
p

No Control

With Control
(21psia)

 

Figure 3-8 (continued): Effect of microjet control on Surface Pressure 

M=0.3, α=19.9 deg upward 

a)  CP vs. x/c for k=0.05,  b)  CP vs. x/c for k=0.10 
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Figure 3-9 : Effect of microjet control on Suction Peak @ M=0.30 

a) k=0.05, b) k=0.10 
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Figure 3-9 (continued): Effect of microjet control on Suction Peak @ M=0.30 
a) k=0.05, b) k=0.10 
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Figure 3-10 : Change in Suction Pressure caused by Microjet Control 

(Cp,with control-Cp,no control) 
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3.4.2 Unsteady Pressure Measurements 

In order to verify the fringe counting measurements the test unit was equipped with a pair 

of Kulite pressure transducers on the upper airfoil surface at 2.5-percent and 7.5-percent chord.  

These measurements can be taken and recorded in the 10 kilohertz range and therefore can 

obtain a much better resolution of measurements.  In fact, the limiting factor to this resolution 

comes from the optical encoder, which can only read 800 distinct points during one complete 

oscillation (see Figure 3-11).  The actual angular resolution of the readings varies throughout the 

oscillations with a finer resolution achieved near 0- and 20-degrees and the worst resolution, 

found at 10-degrees, of almost 0.08-degrees.  This variation of resolution is due to the velocity of 

pitching also being a sinusoidal function ( t)cos(10
dt

dα o ϖ⋅= ).  Also, during this testing, to 

further the effort in optimizing the control method, the microjets were drilled out from 200-

micrometers to 300-micrometers. 
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Figure 3-11 : Optical Encoder Resolution as a function of angle of attack 
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Unfortunately, when the unit was tested in August of 2003 the transducer at 2.5-percent 

chord broke and was beyond repair due to time constraints.  The other transducer did give data 

and is presented in Figure 3-12. What this figure shows is the build up of a negative pressure 

region over the airfoil, creating lift, followed by a peak value and a sudden drop in lift caused by 

the bursting of the separation bubble indicating the onset of dynamic stall.  The airfoil was tested 

without the microjets powered to have a comparison data set followed by 3 sets of data with 

increasing pressures powering the microjets.  This plot only depicts the non-dimensionalized 

suction pressures exhibited during the upstroke of the oscillation for clarity (entire stroke plotted 

in appendix, pages 63-65).  I 

This chart exhibits a couple of interesting features.  The first feature is a decreasing peak 

suction value with increasing control pressure.  This would indicate a loss of some lift caused by 

the control mechanism.  The second feature is a shift in the onset of dynamic stall to lesser 

angles of attack with increasing control pressure.  This would seem to indicate the control 

mechanism is causing the separation bubble to shed at lower angles of attack resulting in the 

earlier onset of dynamic stall. 

This experiment was also run, in an identical fashion, for the reduced frequency case of 

k=0.10.  The results, seen in Figure 3-13, show the same characteristics discussed earlier.  It 

requires mentioning, though, that these readings may be slightly misleading.  The onset of 

dynamic stall shown by the sudden drop in lift is delayed further since this measurement is taken 

downstream of the typical separation location.  The suction values, including the suction peak’s 

magnitude and angle of attack, are not maximum suction values due to the fact that these 

readings are taken downstream (7.5-percent chord) of the typical suction peak location (2.5-

percent chord).  Further, the test unit during these experiments had a slightly different microjet 

pattern than it did in the interferograms.  This new pattern has 400-micrometer diameter 

microjets but is placed in a staggered pattern as opposed to the previous regular, rectangular 

pattern.  There are also 8 less microjets in the new pattern but that is only a reduction of less than 

2-percent. 
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Figure 3-12 : Unsteady Pressure measurements as a function of angle of attack  

M=0.3, k=0.05, x/c=0.075, Upstroke only 
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Figure 3-13 : Unsteady Pressure measurements as a function of angle of attack  

M=0.3, k=0.05, x/c=0.075, Upstroke only 
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These charts contain a large amount of data and are more beneficial to see the general 

trends introduced by both dynamic stall and the microjet control.  It is clear that the most 

profound effect is created by the highest microjet pressure in both cases.  Figure 3-14 focuses on 

this case along with the No Control case for comparison.  With less information being displayed 

it is possible to show the entire oscillation of the airfoil, both the upstroke and the downstroke.  

The higher (vertically) portion of each pair is for the upstroke and the lower for the downstroke 

so that the graph progresses in a generally clockwise fashion.  The plot has been color coded to 

make this more apparent.  This plot shows the reattachment of the flow occurring quite 

profoundly for the No Control case as exemplified by the quick rise in suction pressure as the 

airfoil passed from 16- to 12-degrees.  By comparison, the controlled case does not have he 

increase in suction just the same as it did not have the sudden decrease in lift caused by stall.  

This is further evidence that dynamic stall has been controlled using this scheme.  Another 

feature to point out is near the mean angle of attack (0-degrees) where the plots of the upstrokes 

and downstrokes being nearly superimposed for the with control case.  This indicates that the 

control method is preventing the influence of pitching on the surface pressure profile at an angle 

of attack near zero. 

Figure 3-15 gives the same evidence as the previous figure with the differences being in 

the magnitude of the effects exhibited by the occurrence of dynamic stall and reattachment.  The 

other change is the angles at which these two flow phenomena happen.  A comparison of these 

two charts indicates that the microjet control scheme has a more substantial and positive effect 

on the suction on the surface of the airfoil at the k=0.10 case.  The controlled plot at k=0.10 

retains a level of suction nearly equal to that at k=0.05 but, due to the delay in reattachment, this 

control retains its beneficial effects to a later angle of attack on the downstroke.  This indicates 

that, in the absence of a mechanism to selectively activate these microjets when desired, the 

microjets are more beneficial at higher pitching rates. 
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Figure 3-14 : Plot of Unsteady Pressure measurements, Focused on NPR=2.33 

M=0.3, k=0.05, x/c=0.075
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Figure 3-15 : Plot of Unsteady Pressure measurements, Focused on NPR=2.42 

M=0.3, k=0.10, x/c=0.075
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By comparison with the unsteady measurements, the data calculated from the 

interferograms is intriguing and reasonably consistent.  As seen in Figure 3-16, the no control 

data from both the interferograms and those directly measured agree reasonably well especially 

before dynamic stall.  After the onset of dynamic stall the interferograms data is less agreeable to 

the unsteady measurements and can be attributed to a few factors.  First, dynamic stall introduces 

an additional amount of unsteadiness to the flow over the airfoil making pressure fluctuations 

much larger.  Another factor is that the interferograms are an instantaneous record of a flowfield 

which changes slightly from oscillation to oscillation whereas the unsteady pressure 

measurements are a time average over many oscillations.  The last, and most prominent, factor is 

that the microjets in each of these control cases have different diameters.  The interferograms 

have 400-micrometer jets while the unsteady measurements were taken on an airfoil using 300-

micrometer jets.  For this comparison the mass flow rates of the microjets were as closely 

matched (205 L/min for direct measurements compared to 290 L/min for interferograms). 
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Figure 3-16 : Comparison of Calculated Data with Directly Measured Data 

M=0.3, k=0.05, x/c=0.075 
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Along with these testing cases another case was run to see the effect, if any, the microjet 

control would have on a static stall case.  In order to do this the pitching mechanism was slowed 

down as far as possible, to 1.43 Hz (k≈0.007).  This data, presented in Figure 3-17, exhibits a 

much lower stall angle than the dynamic cases do with the airfoil stalling around 11 degrees in 

the no control case.  Similarly the controlled cases exhibit a lower stall angle.  Further, the 

control cases show lower suction values after the stall but never seem to recover as they do in the 

dynamic cases.   
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Figure 3-17 : Unsteady Pressure measurements as a function of angle of attack 

M=0.3, k=0, x/c=0.075, Upstroke only
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CHAPTER 4 

CONCLUSIONS 

 

 

 

 

Over more than a decade of research many different methods have been found to control 

dynamic stall with results ranging from slight to significant.  The current microjet blowing 

method has been shown to have robust effects on the dynamic stall flowfield.  Utilizing a mere 

microjet nozzle pressure ratio of about 1.6 this control method has been shown, qualitatively, to 

offer substantial control of the dynamic stall vortex and boundary layer.  This method has been 

shown, in Figures 3-2 & 3-3 and Figures 3-5 through 3-7, to delay the shedding of the dynamic 

stall vortex, thus preventing the onset of dynamic stall, to angles of attack beyond 20-degrees.  

These figures also exhibit the effect the microjets have on preventing the formation of shocks in 

an otherwise locally transonic flow (M∞=0.4) thus having the desirable effect of inhibiting 

shock-induced separation, another cause dynamic stall.  

However, it cannot be concluded, from the interferograms taken, if this control method 

completely prevents separation over the entire airfoil.  These interferograms only document the 

first 30- to 50-percent of the airfoil so conclusions regarding the entire airfoil, especially those 

regarding the boundary layer, which originates at the trailing edge, would be unfounded.  Even 

though this is true the important, and indicative, data is located on the airfoil’s upper, leading 

edge in the first 10- to 20-percent of chord. 

Quantitatively this control method exhibits many desirable effects on dynamic stall.  

Although the total lift cannot be calculated from the data taken, due to the images’ concentration 

on the test unit’s nose, the suction peaks, which are indicative of the overall lift, show sustained 

suction over the airfoil to angles of attack beyond the uncontrolled dynamic stall angle.  As 

demonstrated in Figure 3-9 the suction peaks are slightly reduced from the uncontrolled case 

below α≈15-degrees for the reduced frequency case k=0.05 and below α≈16-degrees for the 
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reduced frequency case k=0.10.  It is at this point that dynamic stall occurs for the uncontrolled 

case.  Beyond these thresholds the controlled case retains nearly all of its suction indicating stall 

has not occurred and has been delayed offering an increased operational envelope for this airfoil.  

This demonstrates this particular airfoil’s sacrifice of lift before uncontrolled stall which is 

compensated for with increased lift after uncontrolled dynamic stall through reattachment on the 

return stroke, as seen in Figure 3-10.   

The M=0.4 cases also indicate this control scheme has the effect of delaying dynamic 

stall.  Most quantitative data, however, is difficult to obtain due to the existence of sonic shocks 

at the airfoil nose.  It is for this reason that suction values cannot be ascertained over the nose 

surface for a complete oscillation of the airfoil.  Therefore all conclusions drawn for this case are 

based on qualitative data and comparisons to the M=0.3 cases.  In this fashion it has been 

concluded that this microjet control technique has delayed dynamic stall and increased suction 

over the airfoil based on the similarity of flowfield images between M=0.4 and M=0.3 seen in 

Figures 3-2 through 3-5.   
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APPENDIX A 

ADDITIONAL FIGURES, CHARTS, AND IMAGES 

 

I. New
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Figure A-1 : Interferogram Series for Upstroke of M=0.3, k=0.05, No Control 
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Figure A-2 : Interferogram Series for Upstroke of M=0.3, k=0.05, With Control (21psia) 
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Figure A-3 : Interferogram Series for Upstroke of M=0.3, k=0.10, No Control 
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Figure A-4 : Interferogram Series for Upstroke of M=0.3, k=0.10, With Control (21psia) 
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Figure A-5 : Interferogram Series for Upstroke of M=0.4, k=0.05, No Control 
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Figure A-6 : Interferogram Series for Upstroke of M=0.4, k=0.05, With Control (21psia) 
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Figure A-7 : Effect of Microjet Control on Suction Pressure for Entire Oscillation @ M=0.3 
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Figure A-8 : Unsteady Pressure Measurements for Entire Oscillation @ M=0.3, k=0 
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Figure A-9 : Unsteady Pressure Measurements for Entire Oscillation @ M=0.3, k=0.05 

64 



-4.00

-3.50

-3.00

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

0 2 4 6 8 10 12 14 16 18 20

Angle of Attack, deg

C
p

No Control

Control @ NPR=1.20

Control @ NPR=1.65

Control @ NPR=2.42

 

Figure A-10 : Unsteady Pressure Measurements for Entire Oscillation @ M=0.3, k=0.10 
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Figure A-11 : Engineering Drawing of Test Unit 
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Figure A-12 : Engineering Drawing of Test Unit, Airfoil and End Caps
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