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ABSTRACT 

A large-scale model of a tiltrotor wing and flap was built and tested to determine 

how the size and spacing of fluidic actuators for active flow control should be scaled up 

from laboratory size models to aircraft size. Flow control was provided by sweeping jet 

actuators mounted in the flap follower. Chordwise pressure data was collected through 

pressure taps located along the model centerline.  The maximum flap deflection to 

which the flow could be attached with actuation was compared to previous experiments 

on a 10% 3D model. An ideal actuator spacing was found and the momentum coefficient 

was comparable between the various sized models. These results were used in the 

design of an industrial wind tunnel-scale model of a wing built for cruise and tiltrotor-

like download testing. These tests have shown that actuators located in the flap follower 

are effective in both the hover and cruise phases of flight. 
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NOMENCLATURE 

ACFM =  actual cubic feet per minute, pressure corrected volume flow                 
rate 

Ajet  =   actuator exit area 
Aref  =  reference area 
Aflap  =  flap area 
Awing  =  wing area 
α  =  angle of attack 
cflap  =  flap chord 
cwing  =  wing chord 
CD  =  drag coefficient 
CDL  =  download coefficient 
CL/CD  =  lift-to-drag ratio 
CL  =  lift coefficient 
CPM  =  pitching moment coefficient 
Cπ  =  power coefficient 
CQ  =  volume flow coefficient 
Cμ  =  momentum coefficient 
δf  =  flap deflection angle 
δf,norm  =  normalized flap deflection angle 
Patm  =  atmospheric pressure 
Pgage  =  gage pressure 
SCFM  =  standard cubic feet per minute, measured volume flow rate 

U  =  freestream velocity 
Ujet  =  actuator exit velocity 
UR  =  unable to reattach the separated flow with AFC 
x/cflap  =  chordwise flap position 
x/cwing  =  chordwise wing position 

 
 
 
 
 
 
 
 
 
 



10 
 

INTRODUCTION 

Tiltrotor aircraft are highly versatile in that they combine the vertical takeoff and 

landing and hover capabilities of a helicopter with the high-speed cruise and long 

endurance of an airplane (Figure 1). This makes the tiltrotor an effective platform for 

search and rescue missions due to its long operational radius compared to helicopters. 

An unfavorable characteristic of this design is that when the aircraft is in helicopter 

mode, the downwash from the rotors impinges directly onto the top surface of the 

wing, causing a downward force (“download”) that reduces the net lift from the rotors. 

To reduce this penalty, wing trailing-edge flaps are deflected to large angles, decreasing 

the area the downwash acts on. The download decreases with increasing flap deflection 

until an angle is reached at which flow separation occurs on the upper surface of the 

flap and download increases.  

 

Figure 1: (a) XV-15 in Hover, (b) Bell/Agusta BA-609 in Cruise 

 

Tests performed on a large-scale semi-span wing and rotor, have shown that the 

download on the wing is 10% of the thrust from the rotors[1], which is approximately the 

payload of a fully-fueled aircraft. Any reduction in download can be added to the 

(a) (b) 



11 
 

payload once the weight of the reduction device is accounted for. Both passive and 

active flow control devices have been tested on scale models of the XV-15. Passive 

devices, such as prisms mounted over the wing, were flight tested on the XV-15 and 

resulted in an estimated 29% reduction in download[2]. The additional mechanical 

systems and external structure needed for retracting such passive devices for forward 

flight offset their gains.  

Zero-mass-flux actuators that provide periodic blowing from a slot on the flap 

were also flight tested on the XV-15[3]. These devices reduced download by attaching 

the flow over the deflected flap, allowing the flap to be deflected to a larger angle while 

maintaining attachment, resulting in a download reduction of greater than 14%. These 

actuators created jets by using voice coils to oscillate a diaphragm. The weight of these 

actuators negated some of payload gains they enabled through reducing download. The 

use of moving parts also requires the internal structures to be maintained periodically, 

reducing the total time available for flight. The focus of recent research has been on 

internally-mounted sweeping jet fluidic actuators[4] which have no moving parts and are 

lightweight compared to the zero-mass-flux actuators. The download on a 10% scale 

powered tiltrotor model was reduced by almost 30% when these actuators were used. 

Sweeping jet actuators are currently in use in products such as automobile 

windshield washer jets and shower heads. The mechanism of the sweeping jet actuator 

is shown in Figure 2. The jet continuously sweeps from side to side due to the internal 

flow. Flow from the supply exits the power nozzle and attaches to one of the two walls 
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in the interacting region. The jet follows the wall and exits the actuator at an angle on 

the opposite side. Due to the curved streamlines at the inlet to the feedback channels, 

flow is induced through these channels. When this induced flow reaches the control 

port, it causes the main stream to attach to the opposite side of the interacting region. 

The repetition of this process causes the sweeping motion of the jet.  

The sweeping frequency of the jet is dependent on flowrate[5][6], exit area, and 

length of the feedback channels[4]. In this experiment, the feedback channel length was 

changed with scaling of the actuator size, and the exit area was altered by making the 

actuator deeper or shallower. 

 

Figure 2: Sweeping Jet Actuator 

 
 
 
 
 
 
 

Feedback Path 

Inlet 
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Conventions for exit terminology are shown in Figure 3. Exit dimensions 

throughout the thesis are written in width by height. 

 

 

Figure 3: Actuator Exit Conventions 

 

To quantify the volume flow through the actuator, coefficients of the volume 

flow and momentum are used. The volume flow coefficient is represented as a 

percentage and is defined as the ratio between the corrected volume flow into the 

actuation system and the free stream velocity multiplied by a reference area (Equation 

1). In this experiment, the reference area used was the flap area.  

                                                       
    

        
                                                          (1) 

The standard volumetric flow rate was read from a flow meter and then 

converted to the actual flow rate by using Equation 2, which considers the supply 

pressure which is different than the standard pressure. 

         √
          

    
                                         (2) 

 

 

Height 

Width 
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The momentum coefficient is the ratio between jet momentum, J, from all of the 

actuators and the free stream dynamic force (Equation 3). The incompressible flow 

assumption cancels the density terms. 

   
   

   
     

  
    

    
(
    

  
)
 

                                                  (3) 

The exit velocity of the actuators, Ujet, was determined in an idealized case using 

the corrected volume flow rate and continuity for incompressible flow. The pressure 

ratio between the supplied air and ambient is in the range that would generally be 

considered compressible. It has proven difficult to experimentally determine the actual 

exit velocities due to the highly turbulent and unsteady jets from the actuators. 

Performing an isentropic analysis on the supplied air and accounting for the significant 

pressure losses in the system, the jet density is greater than the ambient conditions. The 

momentum coefficients considering the compressibility are 20% greater than the 

incompressible assumption. Measuring the force generated by a type of sweeping jet 

actuators has produced results that are 20% less than the calculated force at sonic 

velocities, even when the spanwise extents of the sweeping are not accounted for[5]. 

Thus, the assumption of incompressible flow is used to give an estimate of the exit 

velocity. 

Another way to account for the pressure and volume flow needed for actuation 

is to consider a power coefficient as suggested by Seifert, et al[9]. This coefficient is only 

dependent on the pressure and volume flow, which are easily measurable quantities. 



15 
 

The power coefficient is determined by Equation 4, with the reference area in this 

experiment being the flap area: 

                 
           

       
             (4) 

 

Both Cμ and CQ are important in determining the most efficient actuator 

configuration. When comparing results for two different actuator sizes, the volume flow 

required for attachment must also be carefully considered. If an actuator has twice the 

exit area of another, then for the same Cμ the volume flow must increase by √2 and vice 

versa. For applications on real aircraft, where the volume flow must be taken from the 

engines or a compressor on board, a minimum volume flow is essential. 

Download reduction experiments using sweeping jet actuators were performed 

on a powered 10% scale model[4]. The model was mounted inverted above the two tip 

mounted rotors which were connected by drive shafts to a motor (Figure 4). The model 

was suspended from an A-frame and separated from the rotors by a small gap in order 

to measure download directly rather than attaching the rotors and subtracting the rotor 

thrust from the total measurement to determine the download, which is an order of 

magnitude less than the thrust. This arrangement also prevented vibrations from the 

rotors being transferred to the model.  

Actuators were machined in strips and inserted into a spanwise slot in the flap to 

blow from either 20% or 30% of the flap chord at an angle of 30° to the flap upper 
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surface. To evaluate different spanwise spacings, individual actuators could be blocked 

in the strips by filling them with modeling clay. 

 

Figure 4: Powered Model Setup for Download Testing 

 
The ordinate in Figure 5 is normalized by the value of the minimum ratio of 

download to thrust without AFC and the abscissa is normalized by the flap deflection 

where that occurs. The results indicate that, without AFC, the flow is attached at a unity 

value of normalized flap deflection and the aircraft experiences a unity ratio of 

normalized download to thrust. At a momentum coefficient of 4%, attached flow can be 

achieved up to a flap deflection 22% greater than the minimum baseline value, reducing 

download by 33%[7].  
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Figure 5: Net Download/Thrust for 0.75" Spacing 

When modifying an existing aircraft to install AFC equipment, it is desirable to do 

so in a way that minimizes cost and redesign of the aircraft. Aircraft with flaps hinged 

below the bottom surface of the airfoil typically have an additional piece called a flap 

follower that bridges the gap between main element and flap. The flap follower is 

relatively small and if actuation is effective from this location, designing and installing a 

new set of flap followers is an easier and less expensive option than modifying the flap 

to carry the actuators. The experiments conducted herein consider the flap follower and 

flap as possible actuator locations. 

Before installing actuators on the aircraft, it is necessary to determine what 

factors go into scaling the system from model to full size. Previous experiments have 
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shown that a single actuation parameter such as Cμ is insufficient and additional factors 

such as actuator spacing, actuator size, exit area, location, and angle to the surface play 

a role in the efficacy of the flow control system[8]. This experiment focused primarily on 

the actuator spacing aspect while also altering the size and exit area of the actuators to 

a lesser extent. In addition to determining the scaling factors for spacing and exit area, 

the full scale test will also show the effect of increased Reynolds number.  

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



19 
 

EXPERIMENTAL MODEL 

The large-scale flap section model was constructed for tests in the cascade open 

return tunnel in the Aerolab at the University of Arizona. The tunnel has a test section 

width to height ratio of 1.67.  

The model had three elements: a small portion of the trailing edge of the main 

element of the wing, the flap, and the flap follower between those two parts on the top 

surface. The flap and main element were constructed from a foam core covered in 

0.020” thick 2024 aluminum sheets. The flap follower was assembled from multiple 

pieces of machined aluminum. The foam was cut using a CNC hot-wire to ensure 

accurate reproduction of the tiltrotor airfoil.  

The main element portion was designed to represent the last 33% of the main 

wing element, from 0.50 x/cwing to 0.76 x/cwing. The portion from 0.50 x/cwing to 0.61 

x/cwing was located outside of the test section. The split was determined to leave enough 

of the main element in the test section to cause the flow to turn toward the trailing 

edge but not so much as to block the flow entirely when flap and flap follower were 

installed. The portion of the main element that was outside of the test section was used 

to attach mounting brackets that held the test article in place and aligned fixtures for 

additional blowing when actual flow conditions were replicated.  

The test section has a unistrut frame with Plexiglas sidewalls. With the walls 

removed, the opening in the side wall was only 19 inches high due to the presence of 

the unistrut. This required the protruding portion of the main element to be narrower 
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than the portion inside the test section. Due to this difference in height, the main 

element foam core was made from two pieces: the test section piece and protruding 

piece. The two pieces were aligned and epoxied together before any other pieces were 

installed. 

Rectangular cutouts along the span were also cut by a CNC hotwire for support 

bars to be inserted into the structure. There was one spanwise support bar near the top 

surface trailing edge. On either end, a triangular plate was attached that had a hole aft 

of the trailing edge to carry the flap follower hinge ([a] in Figure 6). Near the trailing 

edge of the bottom surface, there was a spanwise slot for a mounting plate (Figure 6 

[b]) to which the springs that hold the flap follower flush to the flap were connected. In 

the portion outside the test section, there were slots on either end from the bottom 

surface to the top surface for two support bars in a T-formation to be inserted. The 

outer bar had threaded holes (Figure 6 [c]) for mounting to the test section. 

 

Figure 6: Main Element 

[a] 

[b] 

[c] 
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The flap (Figure 7) chord is 30% of the wing chord and was cut as one piece and 

had two spanwise slots for support bars. Both supports were installed from the bottom 

surface of the flap and one was at x/cflap = 0.19 and the other at 0.62. The supports were 

connected by chordwise bars on the sides. These bars had a hole (Figure 7 [a]) near their 

trailing edge for setting the flap deflection angle that was determined by aligning the 

holes with those made in the test section floor and ceiling at the desired angle and 

inserting pins through both. The forward support bar served as the mounting point for 

the plates that act as the flap hinge (Figure 7 [b]). 

 

Figure 7: Flap Side View 

This experiment required pressure measurements, so pressure taps were 

installed along the centerline of the model in a zigzag pattern staggered by 0.25” to 

either side on the centerline so that no pressure tap was immediately downstream of 

the previous tap. For the flap and main element, taps were made using aluminum 

spacers with dimensions shown in Figure 8 (a). The spacer was sealed on top with a 

0.020” cover and on the bottom with a layer of epoxy. The stainless steel tube extended 

to the edge of the model. 

[a] 
[b] 
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Figure 8: Pressure Tap (a) Dimensions, (b) Cutaway, and (c) Exterior 

    The aluminum skin panels were marked for desired locations of pressure taps 

and 0.020” holes were drilled at each location. The skin panels were laid over the foam 

cores and the locations of the holes were marked using a wire with wet paint on it. 

Circular bores were drilled into the foam at these locations to the thickness of the 

pressure tap and slots were cut from the bore to the edge of the model. The edge of the 

model was marked on the stainless steel tubes and the tubes were bent 90° at this 

location to fit over the edge. Epoxy was injected into the bore and slot and the tap 

b) c) 

a) 
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assembly laid in flush with the foam. Tygon tubes were connected to the free ends of 

these tubes for connection to the pressure measuring instrumentation. 

The region of most interest was the flap because this is where the flow 

separates. The top surface of the flap had 24 taps that were densely spaced near the 

leading edge (1” spacing) while in the last 50% of the flap chord the spacing was 3”. This 

was done in order to resolve the large pressure gradients near the leading edge.  The 

bottom surface had five taps and there was also a tap in the trailing edge. The top 

surface of the main element had nine taps and the bottom surface has two. 

The skins were attached to the foam by covering the surface to be skinned with 

epoxy and laying the skin on, starting at one edge and smoothly proceeding to the other 

end in order to prevent pockets of air from being trapped between the core and skin. 

The assembly was inserted into a vacuum bag and a vacuum pump was attached to one 

corner. With the pump switched on and the air evacuated from the bag, the skin was 

evenly pushed against the foam by atmospheric pressure. The assembly was kept in the 

bag until the epoxy had cured. The top and bottom skins of each piece were attached 

separately. The skins on the main element and lower surface of the flap had very little 

curvature and were attached without any rolling while the top surface of the flap was 

one piece that extended from below the leading edge to the end of the finite thickness 

trailing edge. The leading edge of this skin had to be rolled to give it the correct shape 

and the trailing edge was bent 90 degrees for the finite thickness.  
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FLAP FOLLOWER 

The flap follower (Figure 9) was machined out of multiple pieces of aluminum so 

that it could be taken apart and reassembled easily. The hinge point and chord 

represented a full-scale aircraft, but the cross section of the follower was different to 

facilitate testing of multiple actuator spacings. The actuators were designed to fit in a 

spanwise slot parallel to the upper surface of the flap follower (Figure 10). They ejected 

air into a constant height channel that emerged from the surface at 25°. The location of 

this slot was based on providing enough material to support the trailing edge when the 

springs held it flush to the flap. The slot location was at x/cwing = 0.78. 

 

Figure 9: Flap Follower 
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Figure 10: Flap Follower with End Piece Removed 

The trailing edge of the flap follower has a thickness of 0.050” and a piece of 

Teflon tape was attached to its underside to prevent it from scratching the flap surface. 

The flap follower was held in place with springs that connect in the cove of the main 

element cutout. Air was supplied to the flap follower through its underside at three 

spanwise locations. Compressed air from a single source was divided into three lines 

with a manifold.  

The top piece of the flap follower was perforated with four rows of threaded 

holes (Figure 11). The holes in those rows were spaced 0.25” apart. This allowed 

actuators to be positioned in 0.25” increments. A 0.020” thick aluminum cover was 

epoxied to the top of the plate to make a smooth surface. To isolate the air moving 

through the actuators from the unused threaded holes, 0.020” thick covers were 

manufactured that were sandwiched between the actuator and top plate. When a 

change in spacing between actuators created a gap between the individual blocks, 

spacers were inserted into the open regions.  

Actuators 
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Figure 11: Underside of Flap Follower Top Piece 

The flap follower had seven chordwise pressure taps on the top surface and 

none on the bottom. There were also four spanwise taps to check for uniform pressure 

distribution across the span. The taps had diameters of 0.020”. 

The actuators and spacers were machined from Delrin, an acetyl product that 

machines quickly and easily, and is rigid. For this application of internal flows, it is a 

natural choice due to its smooth finish. The entrance to the supply channels for each 

actuator had filleted corners for smooth flow. The actuators had holes for screws to 

attach them to the flap follower and the holes were counterbored on the side opposite 

the actuator.  
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SETUP AND OPERATION 

The model was inserted into the Davis tunnel 34” downstream of the beginning 

of the test section in the position shown in Figure 12. This distance was chosen to allow 

the flow to reach its maximum velocity and keep the trailing edge of the flap far away 

from the end of the test section at its highest deflection angle.  

 

Figure 12: Top View of Model in Test Section 

 

The position of the main element was aligned by putting a template against the 

upper surface of the model and wall of the wind tunnel. The angle of attack of the main 

element was set to the angle between the rotor shaft and the wing of a tiltrotor during 

U 
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hover. It was secured in place using the unistrut frame of the test section. L-brackets 

were attached to the protruding portion of the main element and screwed to aluminum 

mounting pieces attached to the unistrut and secured with pins to ensure alignment 

could be repeated if the model was removed from the test section.  

Another template was cut to be placed in the cove of the main element for 

aligning the flap hinge points (Figure 13). With those pieces secured to the test section 

floor and ceiling, the flap was inserted and the holes lined up and secured with shoulder 

bolts. A third template was placed between the main element and flap at a normalized 

angle of δf,norm = 1.15 so the hole for the angle-setting shoulder bolt could be marked 

accurately. Holes for other flap angles were measured relative to this hole, marked, and 

drilled (Figure 14).  

 

Figure 13: Flap Hinge Alignment 
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Figure 14: Flap Angle Locating Holes 

Multiple adjustments had to be made to the test section for the model to 

produce separation behavior and pressure distributions that approximately matched 

those of a tiltrotor model. The first was to remove the sidewall facing the flap top 

surface. The model blocked approximately 60% of the test section cross-sectional area. 

With the wall in place the flow from the wind tunnel would be constricted to pass 

through 40% of the area so it was removed to alleviate the effects of this blockage and 

simulate the effect of the finite width of the rotor wake relative to the chord of the 

wing.  

With the walls removed, the unistrut frame of the test section is exposed at the 

floor and ceiling. To prevent these corners from interfering with the motion of the 

curved streamlines around the model, posterboard was taped at a 45° angle to create a 

chamfered edge. 
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A full-scale tiltrotor has downwash from the rotors striking the wing and 

spreading fore and aft from the stagnation point on the upper surface. The flow to the 

rear may separate over the deflected flap. Replicating the chordwise component of 

downwash was an important step in achieving the correct separation conditions.  

A box was built that allowed a round connection from a blower to spread to a 

rectangular jet that blew across the main element top surface. Galvanized steel ducting 

was used to route the air from the blower to the box (Figure 15 (a)). The final piece of 

ducting was forced to an oval shape at the box to expand the flow to cover as much of 

the height as possible. At the exit of the box, a 2” deep honeycomb was installed behind 

a low resistance steel screen to make the flow uniform (Figure 15 (b)). 

  

Figure 15: a) Main Element Blower and Ducting, b) Honeycomb at Ducting Exit 

a) b) 
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    The blower was controlled by a variable frequency drive. To determine the 

appropriate operating frequency for this experiment, the frequency was changed in 

increments of 1 Hz and pressure data recorded and compared to previous test data to 

determine the best match. With the blower being used to simulate the appropriate 

chordwise flow, the free stream velocity in the test section decreased due to wake 

blockage, so the tunnel voltage was increased to compensate for the reduced velocity. 

Extensions of the floor and ceiling of the test section were installed on the 

outside facing the flap top surface. The goal of these pieces was to prevent the low 

static pressure air in the test section near the flap from entraining air from above and 

below the test section thus preventing the flow from separating. These walls also served 

as mounting platforms for a Coanda surface that was mounted between them. 

The convex, Coanda-type wall curved away from the nozzle throat to pull the 

stream away from the model and represent a free streamline that resembles the edge 

of the rotor wake. The wall was made from a smooth, flexible plastic (Figure 16). When 

the wall formed a continuous surface with no discontinuities in slope (Figure 12, red 

line), the flow separated from the flap at the appropriate angle and could be reattached 

by using actuation. The wall was secured by screwing it to aluminum bars which were 

then taped to the floor-extensions.  
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Figure 16: Coanda Wall 

 

Using a tuft, a large separation bubble was observed just above the main 

element so another curved wall was added upstream of the main element to turn the 

flow toward the flap (Figure 17). This wall was made of an aluminum sheet that started 

tangentially to the tunnel sidewall 18” upstream of the main wing section and curved to 

end parallel to the main element’s top surface 4.5” above it at the trailing edge (Figure 

12, blue wall). Due to the thinness of the material, the trailing edge of this surface was 

screwed to a vertical steel bar that was secured in place by screws inserted through the 

floor and ceiling of the test section. The steel bar was streamlined with balsa wedges. 

The gap between this wall and the main element created the appropriate conditions for 
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the air exiting from the blower that simulated the streamlines that extend toward the 

trailing edge of a tiltrotor wing during hover. 

 

Figure 17: Curved Wall Upstream of Main Element 

The experiments were performed at a free stream Reynolds number of .77 x 106. 

This Reynolds number was high enough for the flow to separate and it yielded pressure 

distributions similar to those seen on previous tilt rotor models. 

Test runs were performed with the wall on the main element side either in place 

or removed. With the wall in place, the vortex that forms under the wing of a tilt rotor in 

hover configuration may be hindered in its ability to form. Whether the wall was in 

place or not did not affect the pressure distribution over the flap in this case (Figure 18). 

The vortex may not have formed under this model due to the lack of a full airfoil and 

flow separating from the leading edge. The decision was made to run experiments 
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without the wall because it made flap follower removal easier. Pressure coefficients 

throughout this thesis are normalized by the minimum baseline value for δf,norm = 1. 

Plotted coordinates are streamwise x/c (Figure 19). 

 

Figure 18: CP Comparison with Underside Sidewall Installed and Removed 

 

Figure 19: Coordinates, δf,norm = 1.15 
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Flap deflection was varied from normalized deflection angles of 0.92 to 1.31. 

Between δf,norm = 1 and 1.23, increments of 0.038 were used to determine the 

effectiveness of AFC. The momentum coefficient used the flap area as reference and 

was varied from 0 to 6% in most cases. As flap deflection increased, more momentum 

was needed for reattachment. Additional volume flow was added to reach momentum 

coefficients up to 12%. The corners between the edges of the model and the test 

section floor and ceiling were taped before data was collected to prevent gaps from 

causing interference.  

Pressure measurements were taken with a PSI 8400 system through a LabView 

interface. Tufts were also installed on the flap to take pictures of flow behavior. The 

momentum coefficient was increased by adjusting a pressure regulator and reading the 

flow rate and pressure going to the model to calculate volumetric flow rate. For each 

value of Cμ, pressure data was recorded. When the flow reattached, tunnel velocity 

increased due to reduced blockage from the separated region. Tunnel voltage was 

reduced to maintain a constant velocity. 

Vacuum grease was applied to seal against potential leaks between all mating 

edges of the flap follower and actuators.  

 

 

 

FREQUENCY ANALYSIS 
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These larger actuators operate at different frequencies than the smaller ones 

investigated previously so the operating frequency needed to be determined. A holder 

was designed to enclose a single actuator for frequency testing. Vacuum grease was 

applied to surfaces like in the flap follower and air was supplied to a plenum upstream 

of the actuator inlet. A hotwire probe centered vertically in the jet on a manual traverse 

was passed across the span of the actuator (Figure 20). The recorded voltages were 

plotted to determine the spreading angle of the jet and individual time records were 

analyzed to determine their dominant frequency. 

 

Figure 20: Frequency Testing Traverse 

RESULTS AND DISCUSSION 
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The first experiments were performed with actuators of a similar design to that 

shown in Figure 2 that were scaled up by a linear factor of 3.0 in length and width and in 

depth by 2.5 compared to the original size that were used on the 10% powered 3D 

model. The resulting exit width was 0.150” and the exit height was 0.125” (Figure 3), 

which was limited by the height of the slot in the flap follower. Attached flow is 

indicated by low pressure at the leading edge of the flap and an adverse pressure 

gradient along the chord (Figure 21, left). The pressure coefficient at the trailing edge is 

the same as that for the underside of the flap. Separated flow occurs just downstream 

of the flap shoulder thus generating a lower pressure peak that does not extend as far 

along the chord. The pressure gradient is much greater and it could not be maintained 

to the trailing edge, resulting in a region of constant pressure where the flow has 

separated (Figure 21, right). Under these conditions, the pressure on the upper surface 

is slightly more negative than the pressure on the lower surface due to the movement 

of fluid in the eddying region on the upper surface while flow on the lower surface is 

relatively stagnant. When actuation attaches the flow (Figure 22), the acceleration peak 

becomes larger and the trailing edge pressure coefficient becomes less negative. The 

pressure coefficients on the underside of the flap also increase. These were the criteria 

used to determine attachment. After the flow became attached, a further increase of 

volume flow to higher values of Cμ did not alter pressure distributions past the attached 

state, indicating that blowing in excessive amounts was not useful (Figure 22). 
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Figure 21: Example Attached (left) and Separated (right) CP Plots 

 

Figure 22: CP Plot for Spacing B, δf = 1.15 
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Baseline measurements plotted in Figure 23 show attached flow at δf,norm = 0.92 

and 1, while greater normalized flap deflections of 1.04 and 1.08 indicate that the flow 

had separated. At a flap deflection of unity, the CP value on the flap shoulder (the 

exposed curved portion of the flap) reaches its most negative baseline value. Around 

0.25 x/cwing, there is an inflection point in the pressure distribution on the top surface. It 

coincides with a change of curvature of the flap top surface that curves toward the 

trailing edge (Figure 24) and is present only when the flow is completely attached. At 

δf,norm = 1, this inflection point is not present because the flow in this region is beginning 

to separate, but the rest of the flow over the flap remains attached. 

 

Figure 23: Baseline Pressure Measurements for Various Flap Angles 
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Figure 24: Flap Trailing Edge 

 

 

VARYING SPACING 

All of the spacings discussed in this thesis are represented by letters and 

increasing letters indicate increasing spacing. The first configuration tested was with the 

actuators as close to each other as possible, Spacing A. This was also an effective 

spacing found on the 10% 3D powered model for normalized flap deflections up to 1.15. 

The actuators were arranged in the flap follower so that the exit of one actuator was in 

line with the centerline of the model. Results are plotted in Figure 25. At δf,norm = 0.92, 

when the flow is attached, added momentum makes the suction peak over the leading 

edge slightly higher due to the increased local velocity from the actuators  upstream  of  

this  position.  When δf,norm =  1.12, a momentum coefficient of 5% makes a clear 

difference to the pressure distribution, but the flow does not attach until Cμ is increased 

further to 6%. An additional increase in momentum only makes the CP values slightly 

more negative. The sudden increase in trailing edge and bottom surface pressures is 

also evident when the flow becomes attached. At δf,norm = 1.15, the larger suction peak 
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is visible and the trailing edge pressure coefficient has begun to increase, but a 

momentum coefficient of 9% cannot fully attach the flow. At δf,norm = 1.23, the larger 

suction peak is the only effect of the actuation. The larger suction peak for attached 

flow at greater flap deflections is due to the increased curvature of the attached 

streamlines. The greater curvature allows the flow to accelerate more, reducing the 

pressure. 

 

Figure 25: CP Plots for Spacing A 
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Table 1 shows the momentum and volume flow coefficients needed to reattach 

the flow at various flap angles. As flap deflection increases, more momentum is needed 

for reattachment. For angles greater than 1.12, the actuators were unable to cause 

reattachment (UR). 

 

δf,norm Cμ (%) CQ (%) 

0.92 0 0 

1.00 0 0 

1.04 3 0.23 

1.08 5 0.3 

1.12 6 0.34 

1.15 UR UR 

1.23 UR UR 

1.31 UR UR 

Table 1: Attachment Parameters, Centerline Spacing A 

 

It is apparent that the spacing derived from the 10% model was too small for the 

full scale model even when Cμ was matched. The distance between actuators was 

increased to Spacing B as the next step and the resulting pressures are plotted in Figure 

26. Immediately apparent is that at δf,norm = 1.12, a momentum coefficient of 4% caused 

reattachment, whereas with Spacing A, 6% was needed. The increased effectiveness 

with increased spacing indicates that the jets from the actuators can interfere 

destructively and be ineffective in forcing the flow to reattach. At the larger spacing, 

flow reattachment was observed at δf,norm = 1.15, 0.03 farther than with Spacing A. Flap 

deflection was increased to δf,norm = 1.19 but reattachment was not achieved. 
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Figure 26: Spacing B Results 

With one-third the number of actuators able to cause reattachment, the volume 

flow needed for attachment at Spacing B was half of the required amount for Spacing A. 

Increasing the spacing was better not only in terms of reducing the required momentum 

addition, but also in terms of the volume flow.  

To make sure the attached conditions were equivalent for different spacings, the 

separated and attached profiles for δf,norm = 1.12 are plotted in Figure 27. The baseline 

profiles are identical, as expected, as are the profiles for attached flow. This shows that 
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the attached flow over the flap has the same pressure profile and is independent of 

actuator spacing. 

 

Figure 27: Comparing CP Profiles at Attachment, Actuator Spacings A & B, 
Normalized δf = 1.12 

The spacing was increased further to Spacing C. Attachment was achieved at 

1.19 with Spacing C with the same volume flow needed for attachment at 1.04 with 

Spacing A, indicating the benefit of adjusting the spacing until a value is found such that 

the volume flow required is minimized. 

This series of actuator configurations had an actuator positioned on the model 

centerline and spacings larger than distance C had only three actuators. This meant that 

the portion of the span between the last actuator and the wall had no actuator to add 

momentum to the boundary layer. The results were significantly poorer with fewer 
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actuators as shown in Figure 28 and 29, so an offset configuration was used for further 

testing (Figure 30).  

 

Figure 28: Cμ for Attachment, Centerline Configurations 
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Figure 29: CQ for Attachment, Centerline Configurations 

 

 

Figure 30: (a) Centerline and (b) Offset Actuator Configurations 

a) b) 
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The offset configuration had the space between actuators evenly split relative to 

the centerline of the model. The first step was to compare the same spacing in each 

configuration to ensure repeatability. This check was performed at Spacing B. For the 

centerline configuration, there were five actuators, while for the offset spacing, there 

were four actuators. A constant momentum coefficient was used, so the offset spacing 

had more volume flow and a larger exit velocity per actuator than the centerline 

spacing. The results in Figure 31 show that an identical momentum coefficient attaches 

the flow for either configuration. The suction peak at the leading edge of the flap is 

slightly more negative for the offset spacing. This is attributed to the actuator sweeping 

behavior. The jets tend to dwell at the far extent of their sweeping range and switch 

very rapidly to the other side. The amount of added fluid passing over the pressure taps 

in the centerline configuration would therefore be less than the offset configuration, 

which can have the jets from two actuators passing over it for a longer duration. 
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Figure 31: Centerline vs. Offset Actuator Configurations 

Once the spanwise position of the actuators had been determined to be 

unimportant, the determination of ideal spacing was again initiated. The criteria 

described previously were used for determining when the flow became attached. As flap 

deflection increased, the difference in attached and separated trailing edge pressure 

coefficient became greater. Plotting this difference (Figure 32) gave a graphical 

representation of how the spacing affected attachment. The solid lines indicate when 

the flow was able to be attached and dashed lines indicate the maximum difference in 

trailing edge pressure observed at deflection angles when attachment was not achieved. 

The momentum coefficients corresponding to the points in the plot are the minimum 

required for attachment and are plotted in Figure 28 for the centerline configuration 
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and Figure 33 for the offset configuration and the corresponding volume flow 

coefficients in Figure 29 and Figure 34, respectively.  

Spacing E was able to attach the flow to the greatest normalized angle, 1.23 and 

was chosen as the ideal spacing.  

 

Figure 32: Change in Trailing Edge Pressure Coefficient with Spacing 
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Figure 33: Cμ (%) for Attachment, Offset Configurations 

 

Figure 34: CQ (%) for Attachment, Offset Configurations 
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When actuators are installed on an aircraft, they must be robust enough to 

handle the hazards and conditions the aircraft might experience. One possible failure 

mode of these actuators is blockage of the feedback channels. Spacings B and E were 

tested with actuators that had their feedback channels filled with modeling clay to test 

this situation. Inside the actuators, the flow still attached to one of the sides of the 

interacting region and exited the actuator at one of the extremes of sweeping. The 

blocked feedback channels prevented the mechanism that causes the jet to switch 

sides, so the jet exited at only one of the angled positions. The side that the actuator 

attaches to cannot be predicted, so there was no consistent pattern in the direction the 

jets pointed. 

For lesser flap angles, such as δf,norm = 1.04, where the angle between the 

separated flow and the flap surface was small, the steady jets were still able to attach 

the flow (Figure 35). The momentum required for reattachment was also the same as 

the sweeping jets. Differences were evident when the flap was deflected to greater 

angles. At δf,norm = 1.12 and Spacing E, the steady jets needed a momentum coefficient 

of 9% to attach the flow while the sweeping jets only needed 4%. For flap normalized 

angles of 1.15 and above, the steady jets could not attach the flow (Figure 36). 
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Figure 35: Sweeping vs. Steady Actuators, Spacing E 

 

 

Figure 36: Cμ (%) for Attachment, Sweeping vs. Steady Actuators 
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VARYING EXIT AREA 

Once the ideal spacing was established, attention was turned to optimizing the 

exit area of the actuators. Success had been achieved previously on the 10% 3D 

powered model by making the actuators half as thick, giving a 2:1 aspect ratio for the 

exit. Half the height of the 3x scaled actuators was removed to give an exit 0.063” high 

and a 2.5:1 aspect ratio. Additional actuator covers 1/16” thick were machined to fill the 

region that was removed. To prevent the jets from expanding in the 1/8” height slot, the 

slot was filled so its height matched that of the actuators. This was done by applying 

layers of gaffer tape to the top side of the slot and then covering them with a piece of 

aluminum tape that was folded under the actuator covers and around the top of the 

flap follower to prevent the tape from detaching. The results were similar to the steady 

jets in that the thinner actuators were still able to attach the flow, but only for smaller 

flap deflections. For those angles the required volume flow for attachment was less, due 

to the smaller exit area, but the ineffectiveness at the larger flap deflection angles that 

are desired for maximum download reduction meant that the thinner actuators were 

not ideal in this case. 

Additional thinned actuators were manufactured and the spacing was reduced to 

half the ideal spacing (i.e. 0.5*E). This meant that the total exit area of all actuators was 

equal to the initial actuators at Spacing E. The shorter actuators at the smaller spacing 

were able to reattach the flow up to a normalized angle of 1.19, just like the taller 

actuators. At the larger flap angles, though, more momentum and volume flow were 
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needed for attachment, meaning the thinner actuators were still less effective than the 

taller ones. 

Experiments were also carried out using 0.105” height actuators at Spacing E. 

The required momentum and volume flow for attachment is shown in Figure 37 and 38 

respectively. These actuators were able to attach the flow to 1.19 and required a lower 

volume flow than the 0.125” height actuators for flap angles up to 1.12. The volume 

flow was equal at 1.15 and greater at 1.19. The height of the actuators plays a definite 

role in their effectiveness.  

 

Figure 37: Cμ (%) for Attachment, Thinner Actuators 
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Figure 38: CQ (%) for Attachment, Thinner Actuators 

Another way to change the aspect ratio is by making the exit wider. The actuator 

scale was increased to five times which gave a 0.25” wide exit and 2:1 exit area. These 

actuators were effective at flow attachment and required a lower momentum 

coefficient; however, the larger exit area translated into a requirement for more volume 

flow. The spacing was increased to Spacing F to investigate if the larger actuators had a 

different ideal spacing. More momentum was needed to attach the flow at the Spacing F 

compared to the Spacing E and attachment was not achieved at a normalized angle of 

1.23.  

Additional actuators linearly scaled by five times were machined with a triangle 

after the exit plane so the jet had only two exit directions. The first triangle allowed exits 

0.055” wide on either side (Figure 39 (a)). This caused the jet to accelerate and exit at 
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high speeds. These narrow jets were only able to attach the flow for lesser flap angles 

and required more volume flow to do it (Figure 40 and 41). The channel width around 

the triangle was then increased to 0.125” (Figure 39 (b)). The combined width of the 

two channels now equaled the width of the actuator exit. The result was a slight 

improvement over the very narrow channels, but still not as effective as the open exit 

without a triangle.  

   

Figure 39: 5x Scaled Actuators, (a) 0.055" Width Exits, (b) 0.125" Width Exits 

 
 
 

(a) (b
) 
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Figure 40: Cμ (%) for Attachment, 5x Actuators 

 

Figure 41: CQ (%) for Attachment, 5x Actuators 
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The best results came from actuators with an exit 0.125” high. Making the exit a 

lower height to reduce volume flow requirements did not cause an improvement and 

making them wider was also less efficient. The next option to reduce the exit area to 

optimize volume flow was to reduce the width so that the exit was more tall than wide. 

A scaling factor of 1.5 was chosen based on available machining tooling. The exit was 

0.075” wide and 0.125” high. Spacing E was the only one tested. The flow was able to be 

attached up to a normalized flap deflection angle of 1.19. Comparing to the original 

0.15” by 0.125” actuators, these half-width actuators required more momentum for 

attachment (Figure 42); however, the required volume flow was reduced by 20% due to 

the smaller size (Figure 43). 

 

Figure 42: Cμ (%) for Attachment, 1.5x Actuators 
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Figure 43: CQ (%) for Attachment, 1.5x Actuators 

Considering the ratio between exit velocity at attachment and free stream 

velocity (Figure 44), it is clear that a larger exit velocity is needed for flow attachment at 

greater flap deflection angles, which is expected because a larger momentum 

coefficient is also required. The effect of the ideal spacing is also visible in this 

representation. At δf,norm = 1.19, the ratio of velocities is 5% less at Spacing E than it is at 

D. In Figure 45 data is plotted for different aspect ratios. The effect of the shorter 

actuators was a higher exit velocity for attachment. The larger 5x scaled actuators 

needed a velocity ratio 28% lower than the 3x scaled actuators. This is because the exit 

areas of these actuators were 1.6 times the area of the others. 
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One reason the thinner actuators may be less effective is the boundary layer 

thickness. The actuators are blowing into the boundary layer upstream of the separation 

point, but the adverse pressure gradient that separates the flow is already affecting the 

boundary layer at that location. The profile is likely between forms (a) and (b) shown in 

Figure 46. The actuators add momentum to the portion of the boundary layer closest to 

the surface (Figure 46 (c)). The thinner jets would have a thinner region of high velocity 

flow and as the flow moves downstream, it continues to be acted on by the pressure 

gradient and the velocity across the boundary layer equalizes. The taller actuators have 

an advantage because their jets are thicker so less mixing across the boundary layer is 

required and the flow is more resistant to separation. 

 

Figure 44: Ujet/U∞ for Attachment, 3x Actuators 
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Figure 45: Ujet/U∞ for Attachment, other Aspect Ratios 

 

                                                              

Figure 46: Boundary Layer Profiles, (a) Attached, (b) at the Separation Point, 
and (c) with a Wall Jet 

 

 The power coefficients for four different actuator sizes are shown in Figure 47. 

For a normalized flap deflection of 1.19, the 0.075” width actuators required a lower 

volume flow than the original 0.15” width. The extra pressure of the required supply 

causes the power coefficient to be greater than that for the original actuators, 2.82 

(a) (b) (c) 
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versus 2.35, indicating that the original actuators are more efficient. At the greatest flap 

deflection of attachment, 1.23, both the 0.15” and 0.25” width actuators were able to 

attach the flow, but the 0.15” actuators were more efficient. While multiple actuator 

exit areas are effective at attaching the flow, maximizing the efficiency is important for 

integration onto an aircraft. 

 

Figure 47: Power Coefficients for Attachment, Various Actuator Sizes 

With the ideal exit area for this experiment being 0.019 in2, it is not scaled up by 

the same factor as the flap area. The actuators in the 10% model were 0.0013 in2. The 

scaling factor for the exit area is 15, on the same order as the model linear scaling 

factor, not the area factor of 100. The exit velocities are higher for the full-scale model, 

which allows the momentum coefficient to be matched. With smaller exit areas and 
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higher exit velocities in the full-scale model to match Cμ, the flow could not be attached, 

so Cμ is not the only factor that causes attachment. 

A factor that could dictate the exit area scaling is the boundary layer thickness. If 

the boundary layer is assumed to grow approximately linearly, the exit height of an 

actuator on a small scale model would be multiplied by the scaling factor to determine 

the height on the larger model. If the same factor is also applied to the width to 

maintain actuator aspect ratio, then the exit area scales with flap area. The model used 

in this experiment does not have the natural stagnation point of the tiltrotor airfoil in 

download, which means the chordwise boundary layer of the downwash deflected by 

the wing cannot develop as it naturally would. This and the lower velocity of the model 

could create a thinner boundary layer. This difference could be a reason that actuators 

with exit areas scaled linearly rather than quadratically were able to attach the flow. 

FREQUENCY RESULTS 

Many actuator exit aspect ratios and sizes were tested. The results showed that 

different amounts of volume flow caused attachment for the different actuators. The 

sweeping frequency of the actuators depends on flow rate and also on exit size. Looking 

at the frequency for the attachment flowrate may reveal a point of commonality 

between the various actuators. 

Table 2 and 3 show the frequencies that correspond to the flowrate through the 

listed actuator when attachment occurred. The first table is for a normalized deflection 

angle of 1.12 and the second is for 1.19. The raw voltage data from the hotwire was 
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processed using a Fast Fourier Transform (FFT) and the amplitudes plotted against 

frequency. Lower flow rates were needed for reattachment at 1.12 than 1.19, as 

reflected in the CQ and frequency values. This means that for each actuator exit size, a 

lower frequency attached the flow for the lower flap angle. The effect of a smaller exit 

area is increased oscillation frequency (Figure 48). Even smaller flowrates through the 

smaller exit areas produced frequencies that exceeded those of the original actuator. 

This is seen in the half-height actuators that oscillate at 720 Hz with CQ = 0.075, while 

the 0.125” height actuators oscillate at 660 Hz for CQ = 0.14. 

 

 

Figure 48: Frequency vs. CQ for Various Actuator Heights, 3x Planform Scaling 
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There is no observable trend between oscillation frequency and flow 

reattachment. Making the exit area smaller reduced the volume flow required, but it 

also increased the frequency by up to 20%. The larger, 5x scaled actuators attached the 

flow with 30% more volume flow, but half the frequency. Similar results are seen at 

δf,norm = 1.19. The differences in frequencies are not as large here between the 3x 

actuators because the volume flow results in nearly sonic exit velocities. The oscillation 

frequency of the actuators begins to saturate for exit velocities above 300 m/s. 

Comparing the 3x to 5x actuators still suggests that attachment is independent of 

frequency. 

Planform Scale, Spacing Exit Size Frequency CQ 

3x, E 0.15” x 0.125” 660 0.14 

3x, E 0.15” X 0.063” 786 0.11 

3x, E/2 0.15” x 0.063” 720 0.159 

3x, E 0.15” X 0.105” 696 0.129 

5x, E 0.25” x 0.125” 360 0.183 

Table 2: Frequencies for Attachment, δf,norm = 1.12 

 

Planform Scale, Spacing Exit Size Frequency CQ 

3x, E 0.15” x 0.125” 728 0.2 

3x, E/2 0.15” x 0.063” 800 0.235 

3x, E 0.15” X 0.105” 760 0.224 

5x, E 0.25” x 0.125” 400 0.242 

Table 3: Frequencies for Attachment, δf,norm = 1.19 

 

If the exit velocity at attachment is divided by the frequency, the result is a 

wavelength that represents the distance between successive jets. The wavelength does 
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not take into account the slowing of the jet as it mixes with the free stream. The 

sweeping frequency increases with exit velocity but not as rapidly, so the wavelength 

increases with flap deflection. The wavelengths for larger flap deflections are in Table 4 

and Table 5. There does not appear to be a clear trend between actuator spacing and 

wavelength. This is especially true when the aspect ratio was changed. The shorter 

actuators at a spacing of E/2 have similar wavelengths to the original 3x size. The total 

exit area was the same in these two cases, but volume flow rate and momentum were 

different. The 5x actuators had long wavelengths because their operating frequency is 

much lower due to the larger exit area and longer feedback channels.  

 

δf,norm B C E F 

1.12 12.90 12.90 12.90 13.93 

1.15 16.29 15.58 14.78 15.42 

1.19 UR UR 16.57 17.27 

1.23 UR UR 17.98 UR 

Table 4: Ujet/Frequency, 3x Scaled Actuators 

δf,norm E, 0.063” Height E/2, 0.063” Height E, 5x 

1.12 16.96 12.87 17.94 

1.15 UR 14.45 19.32 

1.19 UR 17.65 21.56 

1.23 UR UR 21.92 

Table 5: Ujet/Frequency, Other Aspect Ratios 

  

 The lateral extent of the sweeping was also measured with the hot wire traverse. 

The hotwire was moved in 0.5” steps in front of the actuator and the time averaged 
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data is plotted in Figure 49 for a jet velocity of 320 m/s. A higher voltage represents a 

lower average velocity. There are two distinct peaks representing the two positions of 

the jet. Due to the jet’s flip-flop nature, it only passes the centerline very quickly when 

transitioning to the other side, so the velocity in this region is less than at the sides. The 

probe was positioned 2.75” from the actuator exit, and using the location of the peaks, 

a sweep angle of ±20° is calculated for the actuator. This angle was independent of 

flowrate. On this model at Spacing E, jets from adjacent actuators intersect on the flap, 

upstream of the separation point. The added momentum and any structures created in 

the boundary layer due to jet interactions can help the boundary layer resist the adverse 

pressure gradient from the trailing edge and prevent separation.  

 

Figure 49: Voltage vs. Position of 3x Actuator, 0.125" Height 
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60%-SCALE MODEL RESULTS 

Once the ideal spacing had been determined, that information was used in the 

design of a 60% scale tiltrotor for wind tunnel testing at Boeing’s Vertical/Short Takeoff 

and Landing Wind Tunnel (BVWT) in Ridley Park, PA. This is a closed loop tunnel with a 

test section of 20 feet by 20 feet. The actuator spacing in the model was selected as 

0.67*E. The exit area of the actuators was chosen based on the volume flow needed to 

achieve 3% Cμ,wing at a Reynolds number of 3.33 x 106. This size was the 3x scaled 

actuators with exits 0.15” x 0.15”.  

The wing had aluminum ribs covered with an aluminum skin. Actuators were 

installed in the flap follower and the flaps. Actuation could be supplied from either 

location by opening valves located inside the main element. The model was mounted 

vertically from the floor and attached to an under-floor balance for force measurement. 

Compressed air was supplied through the balance to the model. Angle of attack was 

adjusted through a motorized turntable in the balance.  

DOWNLOAD RESULTS 

For download measurements, the angle of attack was set at a normalized angle 

of attack of -0.94, the estimated angle between tiltrotor wing and the rotor downwash. 

The reason the normalized angle of attack is not unity is because the walls of the test 

section constricted the streamlines and prevented them from following their natural 

path, forcing them downstream at a location closer to the flap than normal. This had the 

effect of keeping the flow attached to larger deflection angles. The angle of attack was 
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reduced to move the flap farther from the wall and provide a greater angle between the 

free stream and the flap top surface, allowing the flow to separate over the expected 

range. Flap sweeps were made in increments of 0.075 from 0.92 to 1.31. The 

momentum coefficient was varied from 0 to 2.5% for each actuation location.  

Download is represented in coefficient form in Figure 50 i.e. download force 

divided by dynamic pressure times area, Q*A, and normalized by the baseline value of 

CD in two-dimensional CFD on the XV-15 airfoil in download configuration[10]. The flap 

deflection is normalized by the value where the baseline minimum occurred. The 

coefficients show a similar behavior to that seen in the powered model experiments. For 

normalized flap deflections less than unity, the flow over the flap was attached. The 

projected surface area exposed to the downwash explains the difference in download 

between normalized flap deflections of 0.93 and 1, even though the flow was attached. 

The flow was separated at normalized deflections greater than 1.  

The minimum baseline download was approximately 17% less than that for the 

10% model. One reason for this is the tip effect of the wing tip. High pressure air from 

the upper surface flowed over the tip and mixed with the lower pressure air on the 

bottom surface. This reduced the pressure differential between sides and thus the 

download. On an actual tiltrotor and the 10% powered model, the nacelles tend to 

prevent mixing across the tips. The increased angle of attack of the wing could also 

allow the flow around the leading edge to remain attached farther around the 

curvature. This will reduce the separated region on the underside of the wing and also 
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the download. Another cause for the difference between models is that the 10% model 

was of the full aircraft and downwash from the fuselage was considered in the total 

download, while the present test was of a wing only.  

Actuation from the flap follower was very effective in attaching the flow. The 

flow can be attached at a flap deflection 7.5% greater than the baseline minimum with a 

momentum coefficient of 0.75%, causing a reduction in download of 22%. The angle 

between separated flow and flap top surface is less than that at greater flap angles, so 

attachment with a low momentum coefficient is expected. The momentum coefficients 

for this model are based on the total wing area. A momentum coefficient of 1.5% can 

cause flow attachment up to angles 15% greater than baseline, reducing download by 

37% compared to the separated baseline at that angle and 18% compared to the 

attached flow baseline. As was seen before, increasing Cμ after attachment did not 

significantly reduce download further. 
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Figure 50: Download Coefficient vs. Flap Angle and Cμ for Flap Follower 
Actuators 

 

As was seen previously with the pressure profiles, once the flow is attached, 

further increasing the momentum coefficient does not cause a concomitant decrease in 

download. This also occurred in this model, as shown in Figure 51 for a normalized flap 

deflection of 1.15. The download ceases to decrease after 1.5%. 
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Figure 51: Download Coefficient vs. Cμ, δf,norm = 1.15 

For larger flap deflections, the jets from the flap follower impinge on the leading 

edge of the flap rather than flowing onto it tangentially, as shown in Figure 52. This 

causes the flow from the actuators to be less effective at providing flow reattachment. 

This impingement begins 15% past the baseline minimum deflection and becomes 

worse with increasing deflection. The inability of the actuators to attach the flow after 

1.15 times the baseline minimum could be due to this surface discontinuity. A flap 

follower with an extended trailing edge that provides a tangential transition to the flap 

could improve the effectiveness for greater flap angles. 
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Figure 52: Flap Follower Jet Impingement 

For actuation from the flap (Figure 53), low levels of momentum were again 

effective at flap deflections only slightly beyond the baseline minimum flap deflection. 

However, the normalized download coefficient reached a minimum of 0.55 for Cμ = 

0.75% and was not reduced further. This was maintained all the way to maximum 

deflection angle for a reduction of 30%. However, the reduction was only 7% compared 

to the attached baseline. One known issue with actuation from the flap is that the bay 

of actuators closest to the floor did not receive the same amount of volume flow as the 

other bays of actuators due to blockage in the supply channel that increased with flap 

deflection. If the flow was unable to be attached at that lower section and the influence 

of that separated flow was spread along the span, the download reduction would be 

less.  
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Figure 53: Download Coefficient vs. Flap Angle and Cμ for Flap Actuators 

 

Table 6 contains attachment parameters for both models that have a full-chord 

airfoil. Considering the scaling of actuator exit area, the actuator height is scaled by 6 

times, which is the linear model scale. The ratio of actuator exit velocity to free stream 

velocity at δf,norm = 1.15 is 9 for the 60% model, while for the 10% model it was 8. There 

is also a similarity in the momentum coefficients required for attachment. Even though 

the 60% wing lacks the unsteadiness near the root and spanwise downwash variation 

that exists on a tilt rotor, this similarity in velocity ratios suggests that a relationship 

between boundary layer thickness and actuator exit area could exist. 
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Model Actuator Height C

μ
 (%) U

jet
/U


 

δf,norm = 1.08 10% 0.025" 0.83 5 

60% 0.15" 0.75 6.4 

 

δf,norm = 1.15 10% 0.025" 1.78 8 

60% 0.15" 1.5 9 

Table 6: Attachment Parameters for Full-Chord Models 

 

CRUISE RESULTS 

The model was also tested in the cruise configuration by performing AOA sweeps 

at Re = 2.25 x 106 and 3.33 x 106 with normalized flap deflections of 0 and 0.15. The high 

Re cases could not be performed to stall because of balance limits, so the Re = 2.25 x 106 

cases provided the most information. In Figure 54 angle of attack has been normalized 

by the angle at which the wing stalled and coefficients of CL, CPM, and CL/CD are 

normalized by their maximum baseline values. Actuation increases the lift coefficient by 

10% with the flaps at 0, but does not increase stall angle. With the flaps at 0.15, 

however, the stall is prevented with a momentum coefficient of 2% and the 10% 

improvement of CL is still observed. The stall prevention is due to the extra curvature of 

the top surface with the flap deflected. When the flaps are retracted, the top surface 

has little curvature near the flaps, but with AFC blowing over the curve introduced at 

δf,norm = 0.15, a pressure gradient is created that attaches the flow. 
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Figure 54: CL vs. α, Re = 2.25 x 106, (L) δf,norm = 0, (R) δf,norm = 0.15 

CL/CD 

Actuation also improved the lift-to-drag ratio of the wing (Figure 55). There were 

only minor effects with the flaps retracted, but a significant effect at δf,norm = 0.15. A 

momentum coefficient of 2% increased L/D by nearly 80% at a normalized CL of 0.2. 

Lower drag translates into less fuel needed, extending range or loiter, or increased 

payload. 

   

Figure 55: CL/CD vs. CL, Re = 2.25 x 106, (L) δf,norm = 0, (R) δf,norm = 0.15  
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PITCHING MOMENT 

The actuators also have an effect on the pitching moment about the quarter-

chord point of the wing (Figure 56). Again, the most significant effect is when the flaps 

are deflected. Actuation has the effect of slightly reducing the nose-up pitching moment 

for a constant CL. This is because actuation increases the lift at a given angle of attack, 

which increases the pitching moment. To fly at the same lift coefficient, a lower angle of 

attack is needed, which reduces the pitching moment.  

The jets from the actuators increase the local velocity over the surface 

downstream of their location, and the increased velocity and corresponding lower 

pressure could cause an increase in local lift at that point. This point is behind the 

aerodynamic center of the wing, causing a nose down pitching moment, which reduces 

the overall pitching moment.  

 

Figure 56: CPM vs. CL, U = 40 kts, (L) δf,norm = 0, (R) δf,norm = 0.15 
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CONCLUSIONS 

Based on the results of the experiments on this flap model, the effective full-

scale actuator spacing was determined to be Spacing E. This is an approximate linear 

scaling from the 10% powered model. The ideal spacing was scaled by 0.67 for use on a 

60% tiltrotor semi-span wing. At this spacing, AFC actuation from the flap follower 

provided a 30% reduction in download. The maximum CL in airplane mode was also 

increased 10% by using AFC.  

The dimensions of the large wing AFC actuators were obtained by linearly scaling 

the length and width of the actuators used on the 10% powered model by a factor of 3. 

The height was scaled by 2.5 to give an exit area 7.5 times larger. This exit area was the 

most effective at causing flow reattachment, being able to do so up to a normalized flap 

deflection of 1.23. Attachment parameters were 10% Cμ and 0.22% CQ. Those values use 

the flap area as the reference area, while the 10% model tests used the full wing area. 

Converting them using the full wing area gives coefficients of 3.33% Cμ and 0.073% CQ. 

On the 10% model, the parameters for attachment at the same angle and the ideal 

spacing were 2.76% Cμ and 0.21% CQ. The nearly matching values of Cμ are an indication 

of a good choice of scaling factor.  

Successful results were achieved on the 10% model when reducing the actuator 

exit area by half by making the actuators thinner. This method was not successful on the 

full-scale flap, but reducing the area by half across the width and keeping the height 

constant allowed flow reattachment to δf,norm = 1.19, nearly as far as the scaled up 
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actuators. This suggests that the boundary layer thickness plays a role in determining 

the best exit height of the actuator.  

The results from the 60% model provided a good comparison to the 10% model 

for the exit area and boundary layer since a full chord airfoil was used for each. The exit 

height was scaled by the model scale, which is consistent with a boundary layer that 

scales linearly with chordwise position. The similarity of momentum coefficient for 

attachment and ratio of jet velocity to free stream velocity suggest there is a 

relationship between actuator height and boundary layer thickness.  

The download results from the 60% model show that the flap follower is an 

effective location for actuators. This location also proved its effectiveness in the cruise 

configuration.  
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