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Abstract 

Active flow control (AFC) in the form of a discrete wall normal slot was investigated on 

a NACA 643-618 laminar wing model. The wing model has a leading-edge sweep of (Λ = 

30°) and tests were performed using a chordwise Reynolds number of 100,000 with 

specific focus on the stall characteristics and performance of AFC while reducing energy 

needs. The study included comparing a segmented slot to a single continuous slot as well 

as the positioning of the slot itself along the chord at a spanwise location of z/b = 70%. 

For an Aeff/A of 0.5 (as compared to the original slot) maximum lift performance 

improved 9.6% for multiple slots while a single slot improved the maximum lift by 8.3% 

over the baseline. Surface flow visualization using tufts revealed that a single slot is 

much more effective at stopping spanwise flow and delaying stall to a higher angle of 

attack by 4°.  For an Aeff/A of 0.75 (as compared to the original slot), lift performance 

improved 15.6% and 16.2% by covering x/c = 25% of the slot on the pressure and suction 

side of the airfoil, respectively. Covering the pressure side of the slot yielded lower drag 

from 20° - 24°. Through all configurations, the maximum lift coefficient is seen to 

depend on and increases with added Cμ. However, other performance characteristics such 

as drag and stall angle depend on the physical configuration of the slot. In addition, the 

configuration of the slot can also impact the pitching stability of the wing and delay the 

onset of an unstable pitching moment by up to 20°. Future work may seek to target 
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specific performance areas by strategically placing the slot or only activating certain 

portions of the slot.   
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Nomenclature 

α  = angle of attack [°] 

Aeff/A  = effective area ratio of slot configuration, Aeff/A = Areaeffective/Areaoriginal 

AR  = aspect ratio [4.3], AR = 2b/ceff 

b  = semispan of wing [m] 

BR   = blowing ratio, BR = Ujet/Uedge 

c  = chord [0.1016 m] 

CD  = drag coefficient, CD = D/ (2\ U 2 cos2(Λ) S) 

CL  = lift coefficient, CL = L/(2\ U 2cos2(Λ) S) 

CM  = moment coefficient, CM = M/ (2\ V2 cos2(Λ) S) 

CMα  = longitudinal static stability derivative 

Cμ  = momentum coefficient [%], Cμ = (2*(slot area)/(b*ceff)) *(U2
jet/U

2
∞) 

Rec  = chordwise Reynolds number, Rec = cos(Λ)U∞c/ 

S  = wing planform area 

U  = velocity [m/s] 

x  = streamwise or chordwise direction 

y  = direction normal to the streamwise flow 

z  = corresponds to the spanwise direction 

Λ  = sweep angle [°] 

  = fluid density 

 

 

 

Subscripts 
edge  = local boundary layer edge 

jet  = slot exit 

∞  = free stream conditions 

eff  = corresponding to the effective length/area of a dimension 

max  = maximum value 
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Chapter 1. Introduction 

 Aircraft are often designed for distinct purposes and are optimized to perform 

very well in those specific operating conditions. However, when required to operate 

outside of this envelope, their performance can greatly suffer. In today’s world, they are 

routinely called upon to perform in conditions that were previously deemed inoperable. 

This can be a problem especially for smaller scale aircraft which operate at a lower speed 

and are designed for very narrow mission profiles. At low speeds, or low Reynolds 

numbers, the aerodynamics at play are extremely important and can have a significant 

impact on the aircraft. The Reynolds number of a fluid is the ratio of inertial to viscous 

forces. This non-dimensional number characterizes the flow and its boundary layer. At 

lower Reynolds numbers, the flow has a much lower momentum and energy and the 

viscous forces dominate the aerodynamics. This causes the flow to be smooth and 

laminar in nature.  These low Reynolds number flight regimes are particularly relevant 

for unmanned aerial vehicles (UAVs) for military and civilian use, which have become 

more popular and widely used in different applications. 

When flying at low Reynolds numbers, some aircraft are often designed to 

maintain a laminar boundary layer over the wings and lifting surfaces, as it causes less 

drag than a turbulent boundary layer over the same surface. This study is concerned with 

a NACA 643-618 airfoil which is geometrically designed to encourage laminar flow over 
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the surface of the airfoil.  However, laminar boundary layers are much more susceptible 

to separation at higher angles of attack (α) than turbulent boundary layers, due to their 

low momentum flow.  At high α’s, the flow over the wing is exposed to a large adverse 

pressure gradient which cause flow separation. This causes a large drop in the lift 

coefficient (CL) and an unstable pitching moment (CM). This phenomenon is known as 

stall. To regain this performance and maintain stability, passive and active flow control 

strategies have been developed. 

Passive flow control methods are geometric modifications to an object such as 

boundary layer trips[1] that preemptively transition the boundary layer from laminar to 

turbulent. Turbulent flow has much more energy and mixing through secondary flow 

which helps keep the flow attached for longer and extend the range of α before stall. 

Another passive method is a boundary layer fence (BLF), also called a wing fence, for 

swept wings. This flow control method, first introduced by Wolfgang Liebe in 1938[2], is 

a physical barrier built chordwise along the suction surface of the wing that stops flow 

moving towards the tip in the spanwise direction. Active flow control methods (AFC) 

include fluidic oscillators[3], plasma actuators[4], and pulsed jets[5, 6]. AFC has the 

advantage that it can be activated and deactivated depending on the flight condition to 

optimize the benefit and reduce any harmful side-effects. These AFC methods have not 

been as extensively tested on swept wings, which add different flow conditions and 

therefore call for newer control techniques. 

 Wing fences, as mentioned before, are generally used on swept wings due to the 

three-dimensional nature of the flow. A swept wing stalls from the tip first then moves 
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inboard. For swept wings, flow is considered to have two components; a chordwise 

component which travels in a streamline normal to the leading edge, and spanwise flow 

that travels parallel to the leading edge. Due to geometry, only the flow normal to the 

leading edge directly contributes to lift. Therefore, for a given U∞, since a portion of the 

flow is spanwise, the airfoil experiences a lower normal velocity than would a straight 

wing. This can cause problems maintaining lift at slower speeds and high angles of 

attack. Flow control at low Reynolds numbers specifically could extend the operating 

range of UAVs in situations like short takeoff, landing, or high maneuverability 

circumstances.  

 Different configurations of wing fences such as the length, position on the wing, 

and height have been studied to optimize the location and design. Queijo et. al[7] tested 

various wing fence shapes on a wing with 35° sweep. It was found that the optimal 

locations for the fence were either z/b = 36% or 73%, and fences were most effective 

when extended to or around the leading edge. Reducing the fence length from x/c = 80% 

to x/c = 26% had no appreciable difference in performance, however further reductions in 

length proved less effective and caused unstable pitching moments at lower angles of 

attack. The height of the fence was only relevant for very short fences, in which case an 

increase in height proved to be more effective. Williams[8] also showed that wing fences 

were most effective when they extended around the leading edge. The location of the 

wing fence was z/b = 82.5%. Flow visualization revealed that the fence stopped spanwise 

flow and reduced separation outboard of the fence. Flow visualization using tufts also 

revealed the presence of two vortices caused by the fence. These fences are designed to 
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improve performance and help maintain stability, but due to their passive nature can have 

unfortunate harmful side effects on the aerodynamic performance such as increased drag.  

Simulations have also been run to ascertain the optimal design for a wing fence. 

In his work, Solfelt[9] showed the improved performance of extending the length of a 

wing fence around the leading edge for a T-38 trainer jet. Through multiple simulations, 

it was found that the wing fences also generate two vortices that work to maintain 

attached flow over the wing. One vortex is called the fence vortex, and forms along the 

fence and travels outboard of the fence for the entire length towards the trailing edge. The 

other vortex, which forms a counter-rotating vortex pair, is called the tip vortex and 

forms on the upper surface of the wing and propagates towards the wing tip. These 

vorticities add momentum to the local flow which helps to entrain it to the surface. The 

attached flow maintains lift and control to higher angles of attack than normally possible.  

Recently, a study was done by Walker and Bons [10] to replicate the effects of a 

passive BLF by using a wall-normal, steady blowing slot in the location of the BLF. They 

showed that it was possible to replicate and even improve upon the performance benefits 

using AFC by delaying both stall and an unstable CMα by 7° further than a BLF. There 

was also a noted increase in coefficient of lift (CL) over the baseline by 12.8%, while 

avoiding a drag penalty caused by the BLF from α = 14° – 19°, reinforcing the usefulness 

of being able to activate and deactivate control depending on the situation. The drawback 

to this use of AFC is that momentum coefficient for the most effective blowing ratio 

(BR=4) is very high, 18.3%, when compared to traditional AFC methods. It is necessary 
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to optimize this slot design to provide a meaningful benefit while at the same time 

significantly reducing the amount of energy needed.  

The current investigation is tasked with changing the current slot configuration 

while maintaining the benefit seen by Walker and Bons [10]. To do this, the length of the 

slot was varied by covering portions with foil tape which restricted the flow out of the 

slot in those areas. This method was chosen so that multiple configurations could be 

tested in a limited time frame without the need to manufacture new wing sections for 

each test. Load cell tests show that the tape had a negligible impact on baseline 

performance as compared to the performance seen by the active flow control. For the 

current study, the length as well as the number of discrete slots present was varied 

throughout the study to determine the effect on performance. 
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Chapter 2.  Experimental Setup 

2.1 Wind Tunnel 

 The experimental investigations performed in this study were done in the low 

speed wind tunnel (LSWT) at The Ohio State University Aerospace Research Center 

(ARC), shown in Figure 1. A blower pushes air through this open-loop wind tunnel to a 

diverging duct allowing for two separate test sections. The test section used for this study 

can be seen on the right side of Figure 1. After passing through flow conditioners, air 

enters a 0.381m x 0.381m square cross section. The tunnel utilizes a splitter plate and 

uses suction to remove the developing boundary layer, which decreases the usable test 

section to 0.381m x 0.349m. The tunnel walls are made from clear acrylic which allow 

for visualization of the flow through methods such as particle image velocimetry, smoke 

visualization, or tufts. 

The tunnel is capable of test section speeds up to 20 m/s that correspond to 

approximate Reynolds (Re) numbers reaching 1.33 x 105, for the current airfoil chord of 

0.1016m.  The velocity at the test section inlet has a flow uniformity of ±2% and a 

turbulence level of 0.4%. Data in the present study is collected at a chordwise 𝑅𝑒 =

100,000 which uses the true chord length and the component of velocity that is normal to 

the leading edge.  
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Figure 1: Low Speed Wind Tunnel (LSWT) at the Aerospace Research Center 

 

 

2.2 Airfoil 

 The airfoil used for this study is the NACA 643-618. This is a laminar flow airfoil 

which means that the maximum thickness is located as far aft as possible to encourage 

laminar flow over the majority of the surface of the airfoil. The airfoil has a camber of 

3.31% with the maximum deviation located at x/c = 54.1% chord. The maximum 

thickness of the airfoil is located at x/c = 37.1% chord and has a value of 18% of the 

chord. The airfoil profile can be seen in Figure 2. The wing model is mounted with a 30° 

leading edge sweep which gives it a streamwise chord length of 0.117m. The wing model 

has a span of 0.254m which spans approximately 72.8% of the test section height. This 

space allows for the formation of wing tip vortices, an important aspect of testing when 

studying swept wing aerodynamics[11]. The aspect ratio (AR) of the wing model is 4.34.  
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Figure 2: NACA 643-618 airfoil profile 

 

The wing angle of attack was varied from 0° ≤ 𝛼 ≤ 40° for each test. The 

uncertainty in the angle of attack is ±0.50° due to the constraint of setting the angle by 

integer increments. The blockage ratio of the wind tunnel at the maximum angle of attack 

is about 18%. This high blockage is something to be considered when discussing the 

implications of the data outside the current study. 

The wing model was designed in SolidWorks and then 3D printed via 

stereolithography through 3D Systems’ On Demand Manufacturing Process. The wing 

model was originally printed in multiple sections to allow for baseline and passive 

boundary layer fence (BLF) testing, however in this study, only the active boundary layer 

slot configuration was tested. The slot is located at z/b = 0.7, seen in Figure 3. The wing 

model was painted black using Ultra Cover Flat Black Paint + Primer spray paint before 

load cell and tuft testing was completed.  
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Figure 3: AFC wing mounting configuration 

 

 

2.3 Active Flow Control via Discrete Slots  

 Active flow control (AFC) was implemented on the wing in the form of a 

chordwise slot, seen in Figure 4 , which uses steady blowing to create an active boundary 

layer fence (BLF). The slot extends from x/c = 0.25 on the pressure side, wraps around 

the leading edge, and ends at x/c = 0.75 on the suction side and has dimensions of 0.4mm 

wide and 133mm long. Steady blowing is implemented using an Alicat Scientific MCR-

3000SLPM mass flow controller. This controller is capable of flows up to 3000 SLPM at 

an accuracy of ±0.8% + 0.2% of full scale.  

+X 

+Z 

+Y 
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Figure 4: AFC slot geometry[10]  

 

In the present study, the effect of blocking sections of the slot to reduce the 

energy needed for control was investigated. This was a way to quickly change the slot 

configuration for testing without manufacturing new pieces of wing each time. Blocking 

the slot was done by covering sections of the slot with tape while leaving other sections 

open. An example of this is shown in Figure 6. By varying the length of tape as well as 

the space between tape, different configurations were created. The test configurations for 

the current study are shown in Table 1. 

 

Table 1: Testing Configurations 

Taped Slot Configurations 

Configuration # Tape Length L/c Discrete Slot 
Length L/c 

Effective/Actual 
Slot Area (Aeff/A) 

Number of individual slots 

Baseline N/A N/A 1 1 

1 9.50% 9.50% 50.0% 5 (Segmented Slot) 

2 25.00% 75.00% 75.0% 1 (Pressure Side Covered) 

3 25.00% 50.00% 50.0% 1 (Both Sides Covered) 

4 25.00% 75.00% 75.0% 1 (Suction Side Covered) 
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To match the most effective control found by Walker and Bons, a blowing ratio 

(BR) of 4 was used for all the AFC tests[10]. Blowing ratio is the ratio of the jet velocity to 

the local edge velocity (
𝑈𝑗𝑒𝑡

𝑈𝑒𝑑𝑔𝑒 
) and can be found using the mass flow controller, the 

known area of the slot, and the estimated velocity at the local boundary layer of the 

leading edge of the airfoil. This velocity changes with location and angle of attack and so 

for the calculation of blowing ratio, the edge velocity at x/c = 0.02 was used. An 

approximation of Uedge=1.67U∞ resulted in a velocity of 30 m/s for the current study. The 

average jet velocity for a blowing ratio (BR) of 4 was 120 m/s for the original slot[12]. 

Maintaining BR = 4 was done by reducing the injected mass flow by a ratio equal to that 

of the area ratio Aeff/A. On a benchtop stand (no free stream velocity) this proportional 

reduction in mass flow maintains the same jet velocity and therefore BR. However, with 

a free stream velocity, this is not the case and the reasons will be discussed later in the 

results.  A diagram of the flow control system can be seen in Figure 5. The dotted line 

represents a copper pipe that is embedded into the wing and guides the air to the slot 

opening. 
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Figure 5: Diagram of flow control system 

 

The tape used was Nashua 324A Premium Foil Tape. It has a thickness of 

approximately 0.004”, and the tape strips were cut to a uniform width of ¼”.  For the 

purposes of this study, baseline tests with BR = 0 were run with and without tape. The 

results are discussed in Chapter 3: Results. A picture of the wing model with a taped 

configuration (Configuration #1) is shown in Figure 6. 
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Figure 6: Taped configuration #1 

2.4 Data Acquisition 

2.4.1 Global Wing Forces  

 To obtain quantitative performance data, an ATI Industrial Automation Gamma 

six-component force/torque cell was used to determine global lift, drag, and pitching 

moment data for each taped configuration. This load cell can measure forces up to 130N 

in the radial direction with a resolution of 0.025N. Data was measured at 1,024 Hz for 

32s resulting in 32,768 individual measurements that are then averaged. A mount was 

used to secure the wing to the load cell. A shaft connects the root of the airfoil to the load 

cell and passes through an oversized opening in the tunnel. Wooden blocks are used to 

 

 

 

1/2” Strips of tape 



14 

 

cover the opening in the tunnel and are sized to prevent any interference with the force 

measurements. This shaft and opening are shown in Figure 7. 

 

 

Figure 7: Load Cell Shaft mounting 

 

 The force and moment coefficients that will be presented have had swept wing 

transformations applied to them[13, 14]. Utilizing the flow normal to the leading edge of the 

wing in the corresponding calculations allows for a clearer comparison between swept 

and unswept wing performance for experimental data. This transformation is solely based 

on the sweep angle (Λ). The factor 
1

cos2(Λ)
 can be applied to the lift, drag, and moment 

coefficients for this purpose, and these transformations have been performed for the data 

in this study.  
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2.4.2 Surface Flow Visualization 

Surface flow visualization was performed using fluorescent tufts. Tufts are 

commonly used to qualitatively, and even in some instances, quantitatively visualize and 

measure the surface flow of an object. The length of the tufts is based on the object being 

studied; they need to be long enough to capture the flow correctly, yet not too long as to 

disrupt the flow. Mini-tufts are a specific classification of this technique that was 

originally used by Crowder et al. for minimum interference with the flow[15]. The tufts 

used in the present study are not technically mini-tufts, however these tufts were only 

used for flow visualization and not during tests using the load cell. The method of tufts 

used in the study was adapted for this wing by Walker and Bons.[10] 

To help with better visualization, fluorescent tufts were created using #748 

Fluorescent Yellow-Green #40 polyester thread. The tufts were 19mm long and oriented 

normal to the leading edge of the wing. The spacing between the tufts, 25mm in the 

streamwise direction (+X) and 20mm in the span wise direction (+Z) ensure that there is 

no interference between individual strings. A grid pattern of 116 tufts was created by 

alternating rows of 15 and 14 tufts, respectively. To attach the tufts, #4768 Flat Black 

Model Master Acrylic Paint was applied using a syringe for precision application. This 

black paint was chosen because it does not fluoresce in the presence of the backlight used 

to fluoresce the tufts. The backlight used was an OPPSK brand black light with 18 LED 

black lights. To capture the images, the “Slow Shutter Cam” iPhone app was used on an 

iPhone 6s. The ‘light trail’ setting was used with a 4s shutter speed. The images were 

then post-processed using Zoner Photo Studio X, BatchCrop, and ImBatch.  
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During testing, the wing model used for collecting load cell data was damaged 

before tufts were applied. A new slotted wing section was put in and the wing was 

returned to a similar state as before (painted black), and then the tufts were applied for 

testing. These tests will help reveal patterns in the flow that explain the performance 

enhancement seen in the load cell tests, but due to taking apart and reconstructing the 

wing, these results cannot be discussed in direct correlation with the load cell results and 

rather act as more of a guide to the flow mechanisms that lead to the control and 

performance benefit seen.  
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Chapter 3: Results 

3.1 Baseline Configuration  

 The first step in this study was to establish the baseline performance of the current 

wing model. The current wing model has the slot geometry built in and the BR = 0 case is 

considered the baseline. This is different than a traditional wing, with no slot geometry 

built in. Since the method of changing AFC configurations involved putting tape over the 

slot, it was necessary to investigate the effect of tape on the uncontrolled wing. For the 

taped configurations #1 and #2, BR=0 (uncontrolled) tests were performed to determine 

any change in the baseline. As can be seen in Figure 8, there is a very slight difference in 

the lift coefficient with tape; the maximum difference seen by any taped configuration is 

ΔCL = -0.08. Meanwhile, the change in lift coefficient seen with the active flow control 

reaches a maximum of ΔCL ~ 0.125-0.25 depending on the slot configuration. Although 

this change due to the tape is prevalent, it is relatively constant around ΔCL = -0.05 

through all angles of attack without regards to type of tape or number of strips. This 

constant negative offset is a side effect of using the tape, however since the impact on lift 

performance is relatively constant throughout, it will not impact the comparison of the 

data within this study. For the current study, the baseline configuration will be that of BR 

= 0 with no tape on the slot.  
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Figure 8: Effect of tape on baseline slotted wing; CL vs. α (left), ΔCL vs. α (right) 

 

 As mentioned before, to maintain the velocity necessary for BR=4 for the AFC 

configurations, the mass flow was simply reduced by a ratio equal to that of the area 

reduction. However, with a free-stream velocity, this is not true. Seen in Figure 9, is the 

pressure distribution directly outboard of the AFC slot.  
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Figure 9: CP distribution for AFC BR=4 directly outboard of slot, taken from CFD 

simulation from Walker[12] 

In Figure 9, when the flow has reattached, there is a large negative pressure peak, 

known as a suction peak, present at the leading edge of the BR=4 case. This skews the 

distribution of mass flow that exits the slot. Due to the larger pressure differential near 

the suction peak, proportionally more air is forced out of the slot in that area than in the 

area surrounding the lower magnitude pressures (near x/c = 1).  For example, for 

configuration #4, which blocked x/c = 25% on the suction side of the airfoil (x/c = 0.50 – 

0.75), reducing the mass flow by 25% was an over compensation since that assumes 

equal distribution of mass flow out of the slot. Because of the disparity in pressure 

differential between the two sections, it is hypothesized that less mass flow exited the slot 
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near the trailing edge than exited the area near the leading edge, especially the suction 

peak. This overcompensation resulted in the mass flow being reduced by a greater 

amount than needed to maintain the same velocity. Therefore, the velocity of the jet in 

the wind tunnel and the distribution of mass flow out of the slot will be different than on 

a benchtop stand and will be skewed based on the pressure distribution around the wing.  

 

3.2 Overall Global Force Results  

A comparison of the four different configurations can be seen in the following 

figures through the lift (CL, Figure 10), pitching moment (CM, Figure 11), and drag (CD, 

Figure 12) performance. Besides simply lift and drag, an important performance 

characteristic to consider is the pitching moment. A large positive spike in the pitching 

moment (positive 
𝛿𝐶𝑀

𝛿𝛼
 ) is an unstable pitching moment. A loss of lift behind the 

aerodynamic center of the wing causes the wing to pitch up in an unstable manner and the 

delaying of this moment spike is another goal of active flow control.   
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Figure 10: CL vs. α performance of all AFC configurations, BR=4 

  

The baseline configuration has a CLmax value of 1.269 at an α = 28°, and an 

unstable pitching moment (
𝛿𝐶𝑀

𝛿𝛼
> 0) occurring at an α = 12°. Configuration #1 

increases the CLmax value by 0.121 (9.6%) to 1.39 at an α = 27° and delays the occurrence 

of an unstable pitching moment until α = 28°. Configuration #2 increases the CLmax value 

by 15.6% to 1.47 at an α = 29° and is seen to improve the lift performance over an 

additional 12° over the baseline. This configuration also postpones the occurrence of an 

unstable pitching moment until α = 32°, an increase of 20°. Configuration #3 performs 

similarly to configuration #1; CLmax is increased by 8.3% to 1.37 at an α = 30° and the 

occurrence of an unstable pitching moment is delayed until α = 32°. For the current 

study, the best performance is seen by configuration #4. This configuration provides an 
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increase in CLmax of 16.2%, to a value of 1.48, over the baseline as well as delaying an 

unstable pitching moment until α = 31°.  

 

Figure 11: CM vs. α performance of all ACF configurations, BR=4 

 

Figure 12 also reveals interesting changes in the drag characteristics. All but the 

first AFC configuration is successful in delaying the drag rise seen in the baseline wing 

that occurs at α = 19°. Configuration #3 delays this rise by 1°, configuration #4 delays the 

drag rise by 2°, and configuration #2 delays an increase in drag by 4°. This decrease in 

drag is actually caused by the small positive thrust (negative drag) produced by the jet of 

air in the active flow control case. Even after the increase in drag, these configurations 

exhibit slightly lower drag performance than the baseline.  
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Figure 12: CD vs. α performance of all ACF configurations, BR=4 

 

At α = 23°, the drag coefficient for all configurations and the baseline were 

compared. As seen in Table 2, three of the four AFC configurations are successful in 

lowering drag with configuration #2 lowering drag by over 12% compared to the 

baseline. 

Table 2: Drag Characteristics of AFC Configurations 

Drag Characteristics at α = 23° 

Configuration CD at α = 23° % change in CD Delay in CD rise (°) 

Baseline 0.4534 - - 

1 (Segmented Slot) 0.4753 4.83% 0 

2 (x/c = 25%, pressure 
side covered) 

0.3949 -12.90% 4 

3 (50% slot coverage) 0.4485 -1.08% 1 

4 (x/c = 25%, suction 
side covered 

0.4346 -4.15% 2 
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3.3 Global Forces: Discrete Slot Configurations 

3.3.1 Aeff/A = 0.5; Configuration #1 & #3 

As a first step in reducing the momentum coefficient (Cμ,) the first test was to 

decrease the slot area by 50%. The first configuration tested was that of multiple discrete 

slots. This was achieved by using ½” strips of tape and covering the slot in an alternating 

on-off pattern, seen in Figure 6. This configuration covered 50% of the slot area and the 

mass flow needed was correspondingly reduced by 50%. This resulted in an approximate 

momentum coefficient of 𝐶𝜇=5.95%. The global lift performance of this configuration 

compared to the baseline can be seen in Figure 13. There is a noticeable increase in both 

the maximum CL as well as a delay in the stall angle. However, compared to other 

configurations tested, this is a much smaller benefit.  
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Figure 13: CL vs. α Performance of AFC configurations #1 & #3, BR=4 

 

  To investigate the effect of multiple slots vs. a single slot on AFC performance, 

configuration #3 used the same Aeff/A ratio as configuration #1 but reduced the number 

of slots to one. This was done by using tape lengths of x/c=25% and covering the slot on 

both the pressure and suction side of the airfoil, essentially combining configurations #2 

and #4, seen in Figure 15. Although the CL benefit was slightly lower (1.3%) as 

compared to multiple discrete slots, configuration #3 delayed stall 4° further, as seen in 

Figure 14. The ability of the active boundary layer fence to provide a performance 

enhancement depends on being able to effectively stop the spanwise flow. The tip and 

fence vortices created by the fluidic fence also function to add energy to the flow and 
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help it reattach.  Stopping the spanwise flow allows flow outboard of the slot to stay 

attached and therefore delay stall.  

 

Figure 14: CM vs. α Performance of AFC configurations #1 & #3, BR=4 

 

Due to the spacing between the slots in configuration #1, multiple slots, as opposed 

to a single fence, are hypothesized to stop less spanwise flow and therefore cannot delay 

stall as effectively. Spanwise flow can bleed through the spaces between the slots, which 

prevents flow from reattaching outboard of the slot. So, although the lift performance is 

slightly better, the importance of blocking spanwise flow leads to the conclusion that 

multiple slots are less effective in this configuration. Changing the length of the discrete 

slots as well as the space between them may hold different results. For the current study, 
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the difference between multiple slots and a single slots’ ability to stop spanwise flow will 

be explored later using surface flow visualization. 

 

3.2.2 Aeff/A = 0.75; Configuration #2 & #4 

To increase the performance of the AFC slot, the next two configurations 

increased the Aeff/A to 0.75. In the previous section, a single slot was found to be more 

effective at delaying stall than multiple slots. Therefore, configuration #2 and #4, seen in 

Figure 15a and Figure 15b respectively, used a single slot for testing purposes. The area 

was reduced by covering the portion of the slot that wraps around the leading edge to the 

pressure side of the airfoil (configuration #2) or the beginning of the slot on the suction 

side (configuration #4).  
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a)    b)   

Figure 15: (a) Taped Configuration #2 (x/c = 25%, pressure side covered) and (b) 

Taped Configuration #4 (x/c = 25%, suction side covered) 

 

The resulting slot has an Aeff/A of 0.75. The global force and moment 

performance compared to the baseline can be seen in Figure 16 and Figure 19, 

respectively. It performs noticeably better than configurations #1 and #3, which is to be 

expected due to the higher coefficient of momentum (𝐶𝜇 =8.295%), which means that 

more energy was required to achieve this level of control.   
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Figure 16: CL vs. α Performance of AFC configurations #2 & #4, BR=4 

Although configurations #2 and #4 have similar performance characteristics, there 

is a noticeable area from α = 0°-15° where the lift is much lower for configuration #2. 

Since the tape is covering the opening on the pressure side of the airfoil, the slot is 

blowing fully in the -Y direction, which is directly measured as negative lift. This 

contrasts with configuration #4 which has air blowing in both the positive and negative 

lift directions which allows for some balance between the two.  In Figure 17, a schematic 

of the direction of blowing is shown for each configuration. 
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Figure 17: Schematic of Slots for Configurations #2 & #4 

To study this further this, tests were run with no free stream velocity while 

maintaining the blowing air from the slot. This test allowed for the measurement of 

forces that are being caused by the AFC itself. This test was run with the new wing 

slotted section used during the tufts tests, and while these results may not directly match 

the wing used for testing, they give a good representation of the trends and patterns that 

are expected to be seen.  

OPEN SLOT 

TAPED SLOT 

+ 
Lift 

#2 #4 
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Figure 18: CL vs. α forces caused by AFC configurations #2 & #4, BR =4 

In Figure 18, there is a graph of CL (lift coefficient) vs. α for configurations #2 

and #4. There is a sizable difference in the CL values for these two configurations, 

especially at low angles of attack. This difference is also seen in the global lift 

performance of both airfoils as seen in Figure 16.   
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Figure 19: CM vs. α Performance of AFC configurations #2 & #4, BR=4 

These two configurations help re-enforce the idea from Walker and Bons that the 

main drivers in the effectiveness of the fluidic fence are the ability to stop the spanwise 

flow, and the height of the fence, which dictate the strength of the counter rotating 

vortices[10]. Both configurations had the same coefficient of momentum, and stopped the 

same proportion of cross flow, yet the different positioning yielded different results when 

considering the difference in lift from α = 0°-15°, and lower drag rise of configuration #2. 

This is intriguing moving forward and gives the possibility that strategically placed slots 

could help provide different types of benefits with the same momentum input. For 

example, positioning the slot a certain way may help to reduce drag more effectively 

while maintaining lift, while a different position may yield a higher stall angle. This idea 

opens new possibilities and operational uses for AFC moving forward.  
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3.4 Surface Flow Visualization: Fluorescent Tufts 

 

 To better explain the mechanisms of control, fluorescent tufts were applied to the 

suction surface of the wing. These tufts allowed for surface flow visualization of the 

different AFC configurations and a comparison of the stall characteristics present.  The 

grid of tufts used for the current study is shown in Figure 20. 

 

Figure 20: Baseline wing at 𝜶 = 𝟎° (left), 𝟏𝟖° (middle), 𝟐𝟖° (right) 

Wind tunnel tests were run with the baseline and AFC configuration #1 and #3 

from 0° ≤ 𝛼 ≤ 40° with the tufts applied. The results are consistent with the load cell 

findings in that the baseline configuration begins to lose lift and experience separation at 

α = 12°. This coincides with the large positive spike in moment seen in Figure 11 for the 

baseline wing. At a higher angle of attack, seen in Figure 20, there is some separation 

present near the location of the slot in the baseline (BR=0) case. This is thought to be due 

Root 

Tip 

𝑈∞ 
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to air moving through the slot and creating a ‘mini-fence’ and disrupting the flow in that 

area.  

 Also, clearly seen is the spanwise flow over the surface of the wing. It is more 

present near the root (top) of the wing, but still propagates towards the tip (bottom). The 

advancement of flow separation as α increases is seen in the tuft images. In Figure 20, 

flow at α = 28° is seen. The flow over the wing is very chaotic and is not ideal for 

operation. There is clear spanwise flow and separation is especially clear in the middle 

third of the wing. This is opposed to the AFC configurations which maintain attached 

flow for longer. 

 An important phenomenon that the tufts capture is the direction of flow over the 

wing. At the beginning, flow is clearly in the free stream direction as indicated by the 

well-aligned tufts. However, as the wing increases in angle of attack, the tufts 

(representative of the flow) begin to turn towards the tip. In the AFC configurations it is 

important to notice the difference in this propagation as compared to the baseline. How 

well this spanwise flow is stopped dictates the performance of the configuration. It is 

especially telling to compare the images from configurations #1 and #3. These two 

configurations have the same Aeff/A of 0.50, yet have very different slot configurations. 

Configuration #1 had 5 discrete slots while #3 had a single slot. In Figure 21, a 

comparison of the two wings at α = 28° is shown. Load cell tests indicated that the single 

slot delayed stall more effectively and it was hypothesized that this was due to its ability 

to stop the spanwise flow more than multiple slots. This is proven to be correct. On the 

left, the multiple slot configuration shows much more spanwise flow and some separation 
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outboard of the slot as compared to the single slot. The single slot has more attached flow 

and therefore is able to delay stall to a higher angle of attack.  

 

Figure 21: Baseline (left), Configuration #1 (middle), and Configuration #3 (right) at 

α = 28°, BR=4 

In Figure 21, the image from configuration #1 shows that the five discrete slots 

block part of the spanwise flow, but some leaks through the spaces and this causes more 

of the outboard flow to become separated. Also, the lack of a true fence may prevent the 

formation of a fence/tip vortex pair which is a crucial mechanism for flow reattachment. 

For configuration #3, the effect that the length of the fence has on the flow is seen since 

flow appears to be more attached near leading edge (0 ≤
𝑥

𝑐
< 0.50) than it is near the 

trailing edge due to the tape covering that portion of the slot. Therefore, the flow near the 

tape separates earlier than other portions of the outboard flow. It is still much more 

attached than the inboard flow and this is evidence of the fence vortex keeping the flow 

attached for longer.  

Root 

Tip 

𝑈∞ 
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Another interesting visualization that tufts provide is at the moment of stall. When 

increasing the angle of attack past the point of stall, the flow field is seen to lose lift 

drastically and this is captured by the tufts. Seen in the load cell findings, the AFC 

configurations stall much more drastically than the baseline and this is reflected in the 

following figures.  

 

Figure 22: Baseline at α = 33° (left), Configuration #3 at α = 30° (middle) and α = 

32° (right), BR=4 

In Figure 22, images of configuration #3 are shown just before and after the point 

of stall. The difference is seen in the flow outboard of the wing. It is here where the AFC 

has maintained lift, and once the wing stalls this is the last area to lose lift. The tufts 

change from facing mostly in the streamwise direction to pointing towards the tip and 

becoming separated.  
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3.5 Comparison of present study to Walker, et. al. [10] 

 

It is necessary to look at the current results in the context of previous research in 

this area. Specifically looking at how the current configurations compare to both AFC 

slots as well as a passive boundary layer fence (BLF). To compare the wing model used 

for both studies, load cell tests were performed to compare the current baseline to a ‘clean 

wing’ (no slot present) to recognize any differences in the model’s geometry, and their 

effect on the performance of the wing. In Figure 23, it is seen that the uncontrolled, no 

tape, slot configuration in the present study provides noticeably less lift after 

approximately 𝛼 = 20°, with a 4.6% difference in the maximum lift coefficient. The 

physical differences in the wing may be the cause of this. The presence of the slot allows 

air to flow through it and come out the other side. This may cause mixing or the creation 

of a ‘mini-fence’ that disrupts the flow over the wing. In addition, the wing was sanded 

and repainted between these tests. At low Reynolds numbers, surface roughness can have 

a large impact on the flow field and therefore effect the performance of the wing.   
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Figure 23: Baseline wing performance of slotted wing (No tape, BR = 0) and clean 

wing[10]; CL vs. α 

In Figure 24, the longitudinal static stability derivative (CMα) is shown for both 

wings. Performance is similar however, it is noted that the current BR = 0 slotted wing 

has a large negative spike approximately 1° earlier than the wing with no slot.  
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Figure 24: Baseline wing performance of slotted wing (BR = 0) and clean wing[10]; 

CMα vs. α 

The general pattern of both wings is the same, however the BR = 0 wing from the 

present study has more variation in the static stability derivative. This could possibly be 

attributed to the changed geometry. The presence of the slot may disrupt the airflow over 

the wing and cause random flow structures to generate and impact the moment. Also, the 

slight changes in surface roughness/finish may impact this as well.  

 Although the current study used a BR = 4 for the AFC configurations, a more 

appropriate comparison would be to consider similar Cμ values, as this represents the 

energy input needed for a certain level of control. Configuration #3 of the current study 

will be compared against the BR = 3 case of Walker and Bons[10]. In addition, a 

comparison of the best configurations from each study will be looked at to document any 
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changes in Cμ. Therefore, the performance of configuration #4 (Cμ = 8.295%) of the 

current study will be compared to that of the BR = 4 (Cμ = 11.90%) case as well as the 

passive boundary layer fence (BLF) from Walker and Bons [10]. Due to the different 

baselines for the different studies, these lines are not included in the following plots. 

Instead, the data is presented as a change in CL over the respective baseline. For example, 

the AFC configurations of the current study have had the current baseline subtracted from 

their data. Likewise, the AFC data from Walker, et. al.  has had its own baseline 

subtracted from the lift data.  

In Figure 25, the change in lift coefficient (ΔCL) performance is shown. 

Configuration #4 from the current study has a higher ΔCL than both the BLF as well as 

the BR = 4 cases by about 50 counts. Configuration #4 also had a lower Cμ by 3.6% as 

compared to the BR = 4 case. The current study was also able to delay stall by an 

additional 2° over the BLF. The reduction in energy did not impact the CLmax, however 

the lower energy did not delay stall as long as seen in Walker and Bons. The BR = 4 case 

is seen to maintain lifting performance for an additional 5° until α= 36°. This is an 

important distinction in the performances of both AFC configurations that although lift 

performance was enhanced, the decreased ability to delay stall is a problem. One possible 

reason for this is the difference in lengths of the fence. This could impact the ability of 

the AFC fence to stop the spanwise flow and therefore maintain good streamwise flow 

outboard of the slot.  
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Figure 25: Configuration #4 (BR=4), passive, and active flow control performance 

comparison to Walker and Bons[10] ; ΔCL vs. α 

In Figure 26, a comparison of AFC configurations with similar Cμ is seen. These 

two configurations have similar energy requirements, however the slot in configuration 

#3 from the current study has a length that is 50% long as compared to the original slot. 

Due to the similar energy requirements, the CLmax of both configurations is essentially 

identical. However, the difference, again, is in the ability to delay the loss of lift. As 

stated before, this difference in length may have an impact on the ability to delay stall. 

Moving forward, this suggests that it would be beneficial to have slots as long as possible 

in order to stop the greatest amount of spanwise flow. 
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Figure 26: AFC Configuration #3, BR=4 (Cμ = 5.95%) comparison to BR=3(Cμ = 

6.69%), Walker and Bons[10] ; ΔCL vs. α 

The large downward spikes seen in Figure 26 are the stall points and they 

coincide with large unstable pitching. The loss of lift causes an unsteady change in the 

distribution of forces on the wing, and therefore a large moment is seen. Delaying this 

large moment spike is critical in maintaining stability.  

Overall, this study was able to replicate the general pattern of performance gains 

seen in previous studies. However, the slot configurations used were not as successful in 

delaying stall as those used by Walker, et. al. One of the major items to be investigated is 

the change in the baseline between studies. It is necessary to recover the original baseline 

and controlled performance before being able to accurately test new configurations. This 
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will allow for a better investigation of the effect of changing the slot configuration on this 

form of active flow control.  
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Chapter 4: Conclusion 

 

The current study investigated the effect of changing slot configuration on the 

performance of active flow control at low speeds for a swept wing. This study was 

primarily concerned with studying post-stall performance and the ability to provide lift 

enhancement and delay stall to a higher angle, while reducing energy input. Tests were 

run at a chordwise Reynolds number of 100,000 from 0° ≤ 𝛼 ≤ 40°. Slot configurations 

varied the number and length of slots to determine the impact on control and lift. Load 

cell testing and surface flow visualization were used to determine the best configuration 

as well as to better understand the mechanisms of the flow. 

For an Aeff/A of 0.5, load cell results reveal that multiple slots provide a very 

slight lift enhancement, 9.6% vs. 8.3%, over a single slot yet do not delay stall nearly as 

far (4° fewer). Surface flow visualization corroborates these findings by showing that a 

single slot is much more effective at stopping the spanwise flow over the wing. This 

spanwise flow is a component of the mechanism that eventually causes a loss of lift and 

stall. The success of a boundary layer fence (BLF) depends on the ability to stop this 

undesirable flow. Flow outboard the slot is shown to stay attached for longer with a 

single slot.  

 For an Aeff/A of 0.75, slot configurations compared the positioning of slots and its 

impact on performance. Both slot configurations (#2 and #4) were the same length and 
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provided very similar lift enhancements of 15.6% and 16.2% respectively, while delaying 

stall by 10° over the baseline. An interesting discovery was made with regards to the drag 

performance of configuration #2. This slot configuration delayed the drag rise seen in the 

baseline at α = 18° by 4° as well as had a lower drag after the rise by 13%. 

 This study was able to reduce the momentum coefficients (Cμ) needed for control 

seen in previous studies[10], however due to the slot configurations being shorter in 

length, could not stop as much of the spanwise flow and therefore could not delay stall as 

long. Lift performance was similar due to the comparable momentum coefficients.  

 As expected, lift performance shows a strong dependence on the momentum 

coefficient (Cμ), however this study reveals that the aerodynamic performance may be 

changed using different slot configurations. This opens the way for further research of 

different AFC slot configurations. By changing the slots, a certain aspect of aerodynamic 

performance could be targeted deliberately such as lower drag or increased stability. This 

could be done by building a physical slot of certain size and location and having the 

ability to activate the control when needed. Other possibilities exist for a single slot with 

certain sections to be turned on or off as required by the flight condition. This would 

provide the most flexibility and widespread use of this AFC configuration.  Besides 

simply benefiting performance as was investigated in this study, the AFC could be used 

to maneuver the aircraft by simply changing the blowing through slots near each wingtip. 

By creating an imbalance in the blowing force, the airplane could be made to roll and 

maneuver without the need for ailerons, thus eliminating a large mechanical component 
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and reducing weight, while also reducing the number of moving parts needed for control 

surfaces.  

 In addition to the optimization of the active flow control, certain limitations must 

be taken into account when considering the implementation of this technology into 

aircraft. One issue is the added equipment needed to direct the high pressure to the AFC 

slot including actuators and other mechanical devices to control the pressurized air. 

Along with added weight, the slot in the wing presents structural concerns as it is an open 

gap in the wing that wraps around a large portion of the chord. Even in the current study, 

the structural integrity of the wing model used was a concern and future designs of an 

AFC slot should try to address and implement changes to prevent any significant 

structural losses to the wing caused by the presence of the slot. 
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