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Abstract 
Controlled modification of an airfoil’s circulation to effect significant lift increments by 
using fluidic-based actuation near its trailing edge was demonstrated in a large body of 
earlier investigations.  In these works, the circulation has been commonly varied by 
exploiting the Coanda effect over a bluff trailing edge or the airfoil’s flap using a 
nominally 2-D tangential wall jet.  More recently, high-lift performance over flaps has 
been demonstrated using a spanwise array of discrete, 3-D wall jets effected by fluidic 
oscillators with significant savings in actuation mass flow rates.  The present 
investigation focuses on the utilization of such discrete Coanda actuation using a 
trailing edge array of fluidic oscillating wall jets integrated into the rounded trailing 
edge of a 2-D supercritical airfoil model, and their aerodynamic performance over a 
range of spanwise distributions, and scaling is compared with corresponding 2-D 
conventional wall jets at low angles of attack (-5 <  < 5) and Re = 4.7 – 6.1105.  The 
investigation compares the effects of the 2- and 3-D Coanda circulation control 
actuation over a central spanwise segment of the airfoil with actuation over its entire 
span.  The present investigations show that segmented circulation control leads to lift 
increments of up to CL  2 at C  0.1.  At given actuation mass flow (Cq = 0.6%) the 
3-D Coanda wall jets effect about 60% higher lift increment relative to the 2-D jet (1.2 
vs. 0.75) and 100% higher C (0.07 vs. 0.035) with significantly lower induced drag 
penalty CD,cir (0.04 vs. 0.07).  Finally, it is shown that when C is scaled by the actuation 
area ratio and its spanwise duty cycle, the variations of CL and CD with the scaled C 
exhibit remarkable collapse for all 3-D jet arrays tested.  The collapsed data suggest 
that the induced drag over the present Coanda surface has a local maximum and 
thereafter diminishes even though the lift increment continues to increase. 

I. Background 

High-lift enhancement on aircraft wings by modifying the flow near the wings’ trailing edges using 
integrated 2-D high-speed wall-bounded or free jets issuing either tangent to a flap or at the trailing 
edge of an airfoil at some fixed angle was investigated in the 1950s (e.g., Davidson 1956, Williams 
et al. 1961).  The modification of the embedding flow over the airfoil by the presence of the jet (or 
‘jet flap’ as it was called) led lift increase that was larger than the vertical component of the jet 
thrust.  More advanced aerodynamic circulation control evolved from the jet flap approach by 
exploiting the Coanda effect associated with a 2-D wall jet issuing over a curved trailing edge of 
an airfoil or a curved surface of a flap (e.g., Englar 1996, 2000, 2005).  The presence of the jet 
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delays aft flow separation over the curved surface where the extent of the attached flow increases 
with jet momentum coefficient and the attachment over the Coanda surface leads to partial 
vectoring of the flow over the surface that, depending on the jet momentum, can reach complete 
turning that opposes the oncoming flow on the airfoil’s other side.  The interaction of the actuation 
or control jet with the cross flow alters the flow and the stagnation point at the trailing edge. 

The Coanda effect associated with the evolution of an isolated 2-D turbulent wall jet issuing 
tangentially over a curved surface in the absence of a cross flow was first analyzed in a seminal 
paper by Newman (1961) who characterized the deflection of the jet along the surface of a cylinder 
including changes in distribution of its cross-stream velocity, surface pressure and separation.  In 
a related experimental investigation, Neuendorf and Wygnanski (1999) characterized the evolution 
of a wall jet over a circular cylinder and identified the conditions under which separation occurs.  
In a follow-on paper, Neuendorf et al. (2004) characterized the streamwise vortices within the 
turbulent wall jet that are formed on the convex surface as a result of a centrifugal instability and 
identified the presence of counter-rotating vortex pairs that migrate along the cylinder axis and 
were believed to affect separation from the surface.  The Coanda effect on the surface of a cylinder 
becomes more prominent in the presence of a cross flow when the streamwise extent of flow 
attachment over one side of the cylinder is increased resulting in flow asymmetry over the cylinder 
and in a large force (normal to the cross-flow direction) that is accompanied by change in the 
azimuthal position of the front and rear stagnation points and circumferential circulation.  For 
example, Lockwood (1960) reported that a wall jet having a momentum coefficient C = 0.15 results 
in a normal force coefficient CN = 3 and showed that larger forces can be realized using multiple 
tangential jets at successive azimuthal positions along the circumference of the cylinder.  In a later 
work, Dunham (1968) developed a model based on boundary layer theory and potential flow 
formulation to estimate the location of flow separation on a cylinder for a given free stream Reynolds 
number and a given wall jet slot width and azimuthal orientation, and its momentum coefficient, 
which was subsequently used to estimate the resulting normal force with good agreement with prior 
experiments. 

The Coanda effect was adapted by a number of investigators for modifying the circulation of 
conventional airfoils to effect high-lift and enhanced STOL performance, most notably in the body 
of works by Englar and his co-investigators (e.g., 1996, 2000, 2005, 2013).  For example, Englar 
and Blaylock (2013) demonstrated that a 2-D jet blowing over a circulation control wing (NASA 
17%-thick supercritical airfoil) with a rounded trailing edge (r = 0.036c) can lead to lift 
coefficients of up to 8-9 at low angles of attack that far exceeds the lift capability of airfoils with 
conventional multiple-slotted flaps.  Englar and his co-authors noted that circulation control, as it 
came to be known, is effective over a broad range of angles of attack (augmented with leading 
edge flow control post stall), can enable significant reduction in the dimensions of conventional 
control surfaces, and attains high lift to actuation thrust ratio (although lift augmentation can 
require high actuation momentum coefficient).  Englar et al. (1981) reported the use of circulation 
control for augmenting the STOL capabilities of an A-6 flight demonstrator and reported that their 
wind tunnel and flight test investigations demonstrated two-fold increase in lifting capabilities.  In 
a later investigation, Loth and Boasson (1984) reported optimization of an internal wall jet ejector 
that can substantially improve the aerodynamic performance characteristics of the high lift airfoil. 

Unsteady aerodynamic Coanda effects realized by a time-periodic 2-D wall jet over a circular 
cylinder (Re = 1.9ꞏ105) were investigated by Ghee and Leishman (1992), who reported that for 
reduced frequencies k ≤ 0.2, the induced time-averaged normal aerodynamic load could be 
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increased by up to 50% compared to steady actuation at the same momentum coefficient.  In a 
later study, Jones and Englar (2003) used pulsed blowing of the 2-D actuation wall jet through a 
full-span slot on a rounded and a dual-radius NASA supercritical airfoil and reported that the 
actuation mass flow rate required for a given lift coefficient was reduced by more than 50%.  Also, 
for a given C, a higher CL was attained for the unsteady actuation (at C = 0.015, CL was increased 
from 2.7 to 3).  More recently, DeSalvo et al. (2016, 2020) investigated high lift enhancement by 
the Coanda effect of a spanwise array of fluidically-oscillating wall jets on the curved surfaces of 
a simple flaps and demonstrated an increase in lift of about CL = 1.4. 

In the present investigations, the earlier high lift works of DeSalvo et al. (2016, 2020) were 
extended to utilize discrete spanwise arrays of fluidically oscillating wall jets over a range of 
spanwise distribution and scaling for circulation control over a 2-D airfoil having a circular trailing 
edge Coanda surface with emphasis on STOL performance at low angles of attack (-5 <  < 5).  
The primary objective is to exploit the spanwise-segmented three-dimensional unsteady Coanda 
effect to improve circulation enhancement compared to a conventional single 2-D wall jet at the 
same operating conditions with significant savings in actuation mass flow rates.  The investigation 
compares the effects of the 2- and 3-D Coanda actuation over a central spanwise segment (1/3 
span) of the airfoil with actuation over its entire span.  Preliminary results of this work were 
presented by Vukasinovic et al (2021). 

II. Experimental Setup and Procedures 

The present wind tunnel experiments were conducted using a modified version of the 2-D NASA 
17%-thick supercritical airfoil used by Englar et al. (1994) having a chord c = 212mm, thickness 
t = 23 mm and span L = 762 mm (Figure 1a).  In the present configuration, the model did not have 
a flap and was configured with an interchangeable 2-D quarter-cylinder trailing edge Coanda 
surface with a circular cross section having a radius R = 12.5 mm that was designed for integration 
of either a spanwise-uniform 2-D wall jet (Figure 1a) or an array of spanwise oscillating jets 
(Figure 1b).  The 2- and 3-D wall jets were driven from an internal spanwise compressed air 
plenum that is connected to an external pressure source.  While the 2-D jet is engendered using an 
internal contraction formed by an extension of the quarter cylinder and the top cover of the plenum 
(on the suction side of the airfoil), the fluidically oscillating wall jets were constructed out of a 
monolithic stereo lithographed (SLA) module that is inserted into the plenum under its top surface 
and their orifices form a step above the surface of the quarter cylinder.  This modular approach 
enables interchangeability and testing of different 2- and 3-D actuation configurations.  In the 
present investigations the aerodynamic performance of circulation control actuation over a central 
spanwise segment (1/3 span) of the airfoil was compared with similar actuation over the entire 

 
Figure 1. a)  The airfoil model with conventional 2-D wall jet circulation control, b) The corresponding 3-D wall 
jet module, and c) Schematic planform view of the airfoil showing the active actuation centered about mid-span. 
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span (Figure 1c).  When actuation was applied at the center span segment, the outboard sections 
were configured with the same trailing edge geometry but with inactive jets.   

The airfoil model was mounted vertically 
in a subsonic closed-return tunnel (e.g., 
Englar et al., 1994) having a test section 
measuring 76.2 x 86.3 cm in which a 
tangential wall blowing system on the top 
and bottom walls provided combined 
calibrated blowing to compensate for 
interactions between the trailing edge 
actuation jets and tunnel wall boundary 
layers (e.g., Englar et al., 1994).  The 
aerodynamic loads were measured using 
an integrated force balance mounted on 
the outside of the tunnel’s floor and the 
model spans L = 762 mm from tunnel 
floor to within 2 mm of the test section 
ceiling using a thin endplate, and is 
mounted on a 30 cm base plate that is 
attached to the floor balance.  The 
aerodynamic loads on the baseline 2-D airfoil in the absence of actuation were characterized over 
a range of the angles of attack ( and the variations of the lift and drag with  over the range -
10o <  < 18o are shown for reference in Figure 2 and indicate that the onset of stall occurs at 
  13.  The drag is nearly invariant -5o <  < 0o (CD 0.047) and thereafter increases 
monotonically (at 10o, CD 0.074).  As noted above, in the present investigations the primary 
interest is in STOL performance at low angles of attack and so attention is restricted to -
5 <  < 5. 

III.  Coanda Flow Control using Discrete Actuation 

The 2- and 3-D actuation wall jets were driven by the laboratory compressor system and the 
actuation mass flow rate 𝑚ሶ ௝௘௧ was monitored 
using standard flow meters.  The actuation 
performance was characterized using the 
momentum coefficient 𝐶ఓ ൌ 𝑇 ሺ𝑞 ∙ 𝑐 ∙ 𝐿௔௖௧ሻ⁄  and 
mass flow rate coefficient 𝐶௤ ൌ
𝑚ሶ ௝௘௧ ሺ𝜌௢ ∙ 𝑈௢ ∙ 𝑐 ∙ 𝐿௔௖௧ሻ⁄  where T is the actuation 
thrust, q is the tunnel’s dynamic pressure and Lact 
is the span of the airfoil’s active actuation 
segment (in the present investigations, Lact = L 
and L/3).  The thrust or Coanda force of the 2-D 
wall jets issuing upstream of the circular (quarter 
cylinder) trailing edge (Figure 1) was measured in 
situ using the wind tunnel’s 6-component force 
balance in the absence of cross flow along with 
the corresponding actuation mass flow rate 𝑚ሶ ௝௘௧.  

 
Figure 2.  Variation of the lift (▲) and drag () with angle of 
attack for the baseline airfoil model with inactive flow control 

modules, Re = 4.7∙10
5
. 

 
Figure 3.  Variation of the C with Cq (at Uo = 35 

m/s) in the absence of cross flow for the 2-D jets h1 

(○) and h2 (●). 
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Two 2-D Coanda wall jets having orifice heights h1 = 0.5 mm and h2 = 0.82h1 that are referred to 
below as configurations C2D-1 and -2 were tested.  The variations of C with Cq for these 2-D 
configurations were assessed for a nominal tunnel speed Uo = 35 m/s and are shown in Figure 3.  
As expected, C ~ Cq

2 and the scaled distributions for C2D-1 and -2 exhibit a reasonably similar 
overlap for Cq < 0.015.   

The performance of spanwise arrays of discrete fluidically oscillating wall jets mounted upstream 
of a similar circular (quarter cylinder) surface was first explored in benchtop investigations using 
monolithic modules fabricated using SLA.  Each module included an array of equally spaced 
actuation jets that was attached to a pressurized plenum in a test cell equipped with a 6-component 
balance and the actuation air flow rate was measured using a thermal mass flow sensor.  The 
performance of the jet arrays was assessed by measuring the two components of the developed 
force in the cross stream and streamwise directions Tx and Ty, respectively and was directly 
compared with 2-D wall jets having the same spanwise extent.  The selection of the characteristic 
dimensions of the exit orifices of the fluidic actuators was guided by the ratio of the height of the 
2-D continuous jet to Coanda surface radius h/R that yielded good aerodynamic performance in 
the earlier investigations of Englar et al. (1994, 2000, 2005).  The Coanda effect was characterized 
by considering the total force and the angle between Ty and Tx that measures the turning of the wall 
jet over the Coanda surface in the absence of a cross flow.  The side force Tz is a measure of the 
spanwise symmetry of the actuators and was nearly zero in the present measurements. 

While multiple combinations of jet arrays and Coanda surfaces were bench tested, two specific 
configurations of 3-D wall jet arrays were selected for assessment of their aerodynamic 
performance on the airfoil model.  These configurations were compared with the corresponding 2-
D jet in terms of variation of the jet-induced Coanda forces with actuation mass flow rate.  Figure 
4 shows the performance of two 3-D configurations that are referred to as C3D-1 [10 jets, 
centerlines spacing 8.75 mm apart, and 1.5 x 1 mm (spanwise AR = 0.66) orifices] and C3D-2 [5 
jets, centerlines spacing 18 mm apart, and 1 x 3 mm (spanwise AR = 3) orifices] in a single bench-
test control module that spans L/6.  The total active orifice areas of the arrays C3D-1 and -2 relative 
to the C2D-1 jet (A1) are 0.34A1 and 0.29A1 respectively.  The variations with normalized actuation 
mass flow rate 𝑚ሶ ௝ 𝑚ሶ ௝,௢⁄  of the ratio of the measured forces developed on the same Coanda surface 

 
Figure 4.  Variations with normalized actuation mass flow rate 𝑚ሶ 𝑗 𝑚ሶ 𝑗,𝑜⁄  of a) the ratio of the measured forces of 
the 2- and 3-D jet modules developed on the same Coanda surface T3D/T2D, and b) the angle of the resultant force 
 relative to the streamwise (-x) direction:  C2D-2 (), C3D-1 (), and C3D-2 (). 
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of the 2- and 3-D jet modules T3D/T2D are shown in Figure 4a.  These data show that the lower 
active area of the 3-D wall jets (C3D-1 and -2 are 0.041A2D-2 and 0,035A2D-2, respectively) leads 
to induced forces at a given mass flow rate that within the present range of  𝑚ሶ ௝ are significantly 
higher than the corresponding Coanda force of the 2-D jet although this ratio decreases with 
increasing mass flow ratio (see also Figure 6).  An assessment of the variation of the azimuthal 
attachment of the 2- and 3-D wall jets to the Coanda surface with 𝑚ሶ ௝ 𝑚ሶ ௝,௢⁄  is shown in Figure 4b 
in terms of the angle of the resultant force  relative to the streamwise (x) direction (by this 
measure,  = 90o corresponds to full vertical turning of the actuation jet on the Coanda surface).  
These data show that the azimuthal attachment of C2D-2 increases monotonically from 68o to 75o 
as the mass flow rate nearly doubles while for configuration C3D-2  is nearly invariant with a 
local maximum of 70o at 𝑚ሶ ௝ 𝑚ሶ ௝,௢⁄  = 1.1.  However, for C3D-1 (Ajet = 0.034A1)  decreases 
monotonically with 𝑚ሶ ௝ 𝑚ሶ ௝,௢⁄  from 75o to 58o suggesting that the attachment of the 3-D jets 
improves with the larger orifice spanwise aspect ratio of C3D-2 (AR = 3) and may even be impeded 
by spanwise interaction between adjacent jets in C3D-1.   Overall, the data for C3D-2 indicate that 
arrays of discrete wall jets can yield higher Coanda force compared to the 2-D wall jet and remain 
reasonably well attached to the Coanda surface. 

The flow control modules that were integrated into the wind tunnel model were designed based on 
the bench-test results (cf. Figure 4).  As noted above, the aerodynamic performance was tested in 

two primary spanwise configurations.  In the first 
configuration the active spanwise extent of the 
actuation was restricted to the center 1/3 segment 
of the airfoil’s span and the aerodynamic 
performances of the 2-D configurations C2D-1 
(active area A2D-1) and C2D-2 (A2D-2 = 0.82A2D-1) 
were compared with configurations C3D-1 and 
C3D-2 whose active areas were 0.34A2D-1 and 
0.29A2D-1 respectively.  In the second spanwise 
configuration the active spanwise extent of the 
actuation occupied the entire span of the 2-D 
model and the aerodynamic performances of the 
2-D and various 3-D configurations were 
compared and scaled relative to the 1/3 span 
segment.  Some details of configurations C2D-2, 
C3D-1 and C3D-2 are shown for reference in 
Figures 5a-c (top views) and 5d-e (side views).  
The top views in Figures 5a-c show the respective 
top views of the 2-D jet and the spanwise arrays of 
29 and 14 equally spaced fluidic oscillators.  The 
corresponding side view show sections of the 2-D 
jet (Figure 5d) and through the center of the 3-D 
jet orifice (Figures 5e).  As in the original design 
of Englar et al., the 2-D wall jet is driven directly 
from the upstream inner plenum and issues 
tangentially to the Coanda surface.  As shown in 
Figure 5e, the 3-D orifices are higher than the 2-D 

 
Figure 5. Top views of the C2D-2 (0.82A1, a), C3D-
1 (0.34A1, b), and C3D-2 (0.29Ao, c), and 
representative cross-sectional views of the 2-D (d) 
and 3-D (e) actuation modules integrated in the 
airfoil’s trailing edge (cf. Figure 1b). 
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orifice (up to three-fold) and they issue at the nearly the same azimuthal position along the Coanda 
surface.  Measurements were conducted with 2- and 3-D actuation using both the central actuation 
module (Lact = L/3, cf. Figure 1b) with inactive modules having the same cross-sectional area on 
either side of the active module, and actuation along the full span of the airfoil. 

IV. Circulation Control 

The Coanda forces of the 2- and 3-D wall jet actuators when installed at the central 1/3 span 
segment of the airfoil’s trailing edge in the wind tunnel in the absence of cross flow are shown in 
Figure 6 by considering the variation of C with Cq using a tunnel reference speed of 35 m/sec.  It 
can be shown that absent compressibility effects, C ~ Cq

2 and so Figures 6a-c show these 
variations for the total C (based on T) and Cy Cx (corresponding to Ty and Tx).  Figure 6a 
shows that for both the 2- and 3-D wall jets C varies nearly linearly with Cq

2 over the entire range 
tested.  For the 2-D jets there is a slight increase in the rate of change of C for CD2-2 compared 
to CD2-1 as a result of its smaller exit area (0.82A2D-1), within the test range.  However, the Coanda 
forces developed by the arrays of the fluidic oscillators are higher than the corresponding forces 
developed by the 2-D jets especially for C3D-2 (e.g., for Cq = 1∙10-2 C for CD3-2 is nearly 85% 
higher than for CD2-1) although as noted in connection with Figure 4, the ratio between the 
Coanda forces diminishes with increasing actuation mass flow rate.  More insight into 
effectiveness of the momentum generation by these actuators is gained when the Coanda force T 
in Figure 6a is decomposed to yield Cy and Cx (corresponding to Ty and Tx, in Figures 6b and 
c, respectively).  First, the pairs of vertical and horizontal components of the forces effected by 
C2D-1 and -2 are each nearly equal indicating approximately the same turning about the Coanda 
surface, and because Ty/Tx is somewhat higher for the 2-D jets also indicates that they attach to the 
surface somewhat farther than the 3-D jets.  It is remarkable that even though the internal designs 
of the two 3-D jet configurations are different, they generate nearly identical horizontal force 
components that are higher relative to the horizontal force of the 2-D jets.  While the vertical force 

 
Figure 6. Variation with the actuation mass flow rate Cq of (a) C  based on the magnitude of the measured Coanda 
force T, and (b) and (c) corresponding momentum coefficients C-y (b) and C-x (c) of the vertical and horizontal 
components of the Coanda force Ty and Tx, , respectively: C2D-1 (A1, ), C2D-2 (0.82 A1, ), C3D-1 (0.34 A1, ), 
and C3D-2 (0.29 A1, ♦). 
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produced by C3D-1 is only slightly higher than the corresponding component for the 2-D jets, 
C3D-2 produces higher vertical thrust indicating higher turning angle (cf. Figure 4). 

The aerodynamic performance of the Coanda effects of the 3-D jets at the trailing edge of the 
current airfoil model is compared with the 2-D jets in Figures 7 in terms of the variation with C 
and Cq of the induced lift increments CL relative to the baseline levels (in the absence of 
actuation) in Figures 7a and b, respectively for Re = 4.7105 (CL is normalized by the active 
spanwise area of the wing).  The data in Figure 7a are shown at  = -5o, 0o, and 5o and for each 
actuator configuration exhibit a nearly-linear variation of CL with C in two distinct rates below 
and above C  0.06.  This change in the rate of variation of CL with C was observed by a 
number of earlier investigators (e.g., Jones, 2005, Radespiel et al., 2016) who argued that it results 
from transition from “boundary layer (or separation) control” to “circulation control” (of course, 
in either regime the change in induced lift is associated with a change in circulation).  The present 
data show that while in the “separation control” regime (C < 0.06) all wall jets yield nearly-
identical performance and the same rate of change of CL with C, the departure between their 
performances in the “circulation control regime is approximately offset by some constant while 
the nearly linear rates of increase of CL with C are almost identical.  This finding indicates that 
each of these wall jets reaches a different upper limit of its separation control on the Coanda surface 
and the increase in circulation or lift thereafter is manifested primarily by turning of the outer flow 
over the Coanda surface.  These data also show that although the magnitudes of CL effected by 
the 2- and 3-D actuators are not the same, the effect of each actuator exhibits little or no variation 
with small angles of attack.   

The variation of CL with Cq in 7b shows an interesting trend in terms of the changes in CL (for 
clarity, the data in Figure 7b are restricted to  = 0o only).  Although not as distinct as the variation 
of CL with C, these data show some indications of the “boundary layer control” and “circulation 
control” regimes for each actuator, but unlike the data in Figure 7a, the corresponding data in 
Figure 7b do not overlap, the transition between the two regimes occurs at different levels of Cq, 
and the rates of change of CL with Cq are not the same within the boundary layer control regime.  
The rates of CL induced by C2D-2 and C3D-1 and –2 around Cq  0.009 are nearly identical and 
appear to increase linearly with Cq.  Within the range Cq < 0.009 the data in Figure 7b show that 
for a given Cq the 3-D jets induce higher CL and C than the 2-D jets.  For example, at Cq = 0.006 

Figure 7. The variation with C (a) and Cq (b) of the lift increments CL effected by the Coanda trailing edge 
circulation control of the airfoil model using 2- and 3-D jets (Re = 4.7×105) at  = -5o (triangle), 0o (circle), 
and 5o (square): C2D-2 (0.82 A1, black), C3D-1 (0.34 A1, blue), and C3D-2 (0.29 A1, red). 
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CLs for C2D-2 and C3D-2 are 0.84 and 1.18, respectively, while the corresponding 2- and 3-D 
Cs are 0.018 and 0.036.  It should be noted that even when CL is the same for C2D-2 and C3D-
1 and -2 for Cq > 0.009, C of the 3-D jets is significantly higher than for the 2-D jets.  For example, 
at Cq = 0.01, CLs for C2D-2 and C3D-2 are about 1.75 but the corresponding 2- and 3-D Cs are 
about 0.06 and 0.15 (nearly double). 

The variation with actuation 
momentum coefficient of the drag 
increments CD effected by the 2- 
and 3-D trailing edge circulation 
control relative to the 
corresponding baseline levels in 
the absence of actuation are 
compared in Figure 8.  The 
variation of the drag increments 
associated with the 2-D jets with 
C for each  follows the trend 
exhibited by CL in Figure 7a, 
namely a nearly-linear increase in 
two distinct rates below and above 
C  0.06 (corresponding to BL 
control and circulation control), 
but unlike the trend of CL, the 
respective rates of CD of the 2-D 
jets increase significantly with .  
For example, at C = 0.1 
CD = 0.094 at  = 0o, increases by about 45% (to 0.135) and decreases by about 33% (to 0.062) 
at  = +5o and -5o, respectively.  It should be noted, however, that while CD of the 2-D jets 
continues to increase with C at  = 0o and 5o, at  = -5o CD asymptotes to about 0.067 while as 
is evident from Figure 7a, the corresponding lift increment continues to increase).   

Perhaps the most salient feature of the data in Figure 8 is that within the range of operation of the 
3-D jets in the present investigations (C < 0.126 for C3D-2), the drag increments induced by their 
actuation for a given C are significantly lower than the corresponding increments induced by the 
2-D jets.  For example, for C3D-2 at C = 0.1 CD = 0.01, 0.039, and 0.062 at  = -5o, 0o and +5o, 
respectively and the corresponding drag increments induced by the 2-D jets are about 54%, 58%, 
and 62% higher.  As a result, the ratios of the actuation induced lift and drag increments for the 
2-D (C2D-2) and 3-D (C3D-2) actuations at  = 0o and C = 0.1 are about 21 and 43, respectively 
indicating that the 3-D actuation at the same momentum coefficient is significantly more efficient.  
Furthermore, as shown in Figure 8, for C > 0.06 the induced drag by the 3-D actuation at  = 0o 
and 5o asymptotes to the levels mentioned above while CL continues to increase while the drag 
at  = -5o begins to decrease with increasing C and ultimately vanishes.  Also of note is the slight 
reduction of the baseline drag (CD < 0) in the range C < 0.02 for both the 2- and 3-D 
configurations that are ostensibly associated with enhanced attachment on the Coanda surface at 
low levels of the momentum coefficient.   

 
Figure 8. As in Figure 7, the variation with C of the drag increments 
CD associated with the Coanda effects trailing edge circulation 
control of the airfoil mode using 2- and 3-D jets (Re = 4.7∙105) at 
 = -5o (triangle), 0o (circle), and 5o (square): C2D-2 (0.82 A1, black), 
C3D-1 (0.34 A1, blue), and C3D-2 (0.29 A1, red).  

C
D

C

0 0.05 0.1 0.15 0.2
-0.02

0

0.05

0.1

0.15

0.2



AIAA-2023-1992 

 

American Institute of Aeronautics and Astronautics 

10 

The mechanisms that lead to these striking differences in aerodynamic performance between 3-D 
actuation and the corresponding 2-D actuation have not been fully explored as part of the present 
investigations and are currently being studied separately.  The preliminary results indicate that the 
reductions in actuation induced drag is attributed to the interaction of the cross flow with the 
discrete fluidically oscillating wall jets over the Conada surface that gives rise to the formation of 
surface-bound array of counter-rotating streamwise vorticity concentrations in contrast to strong 
edge vortices that are induced by the 2-D jets at the spanwise edges of the active actuation segment.  
Some of the mechanisms associated with similar 3-D actuation were explored earlier in the works 
of DeSalvo et al. (2016, 2020) who investigated high lift enhancement by the Coanda effect of a 
spanwise array of fluidically-oscillating wall jets over the curved surfaces of simple flaps.  
Furthermore, it is noted in connection with Figure 6 that the Coanda force induced by C3D-2 is 
larger than the corresponding force effected by the 2-D jets and that in fact both the cross stream 
and streamwise components of the force induced by the 3-D wall jets are significantly larger than 
the corresponding components induced by the 2-D jets. 

As noted above, the measurements described in Figures 7 and 8 were performed with actuation 
modules over the center 1/3 segment of the wing model (i.e., Lact = L/3 with identical inactive 
trailing edge at each outboard segment).  Following the measurements shown in Figures 7 and 8, 
the configurations C3D-1 and -2 were expanded to the full span (Lact = L) and their aerodynamic 
effects were compared with the 2-D wall jet C2D-1.  Figures 9a and b compare the performance 
of the actuation for Lact = L/3 and L in terms of the variation with C of the induced lift and drag 
increments, respectively, where each distribution is scaled by its active fraction of the span.  In 
these plots, the induced drag is represented using the earlier approach of Jones and Englar (2003) 
and Jones (2005) in which the circulation-induced drag increment CD,cir is computed by 
subtracting the streamwise component of the thrust Coanda force coefficient C-x effected by the 
2- and 3-D wall jets that is measured in the absence of cross flow (cf. Figure 6).   

The lift increments effected by 2- and 3-D actuation in Figure 9a exhibit similar trends to the 
corresponding data in Figure 7, are nearly invariant with  (at least within the present range) and 
show a good agreement between the scaled full- and 1/3-span actuation despite the obvious 3-D 

 
Figure 9. The variation with C of the lift and effective drag increments CL (a) and CD,cir (b), respectively 
associated with circulation control along the full span (L, open symbols) and span segment (L/3, solid symbols) 
using 2-D and 3-D actuation (Re = 4.7ꞏ105) at  = -5o (triangle), 0o (circle), and 5o (square): C2D-2 (0.82 A1, 

black), C3D-1 (0.34 A1, blue), and C3D-2 (0.29 A1, red). 
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effects that are associated with the latter.  That CL effected by C3D-2 is somewhat lower for the 
full span actuation may be attributed to the small number of active actuators in the L/3 span 
segment.  As discussed in connection with Figure 8, unlike the near-invariance of the lift 
increments with , the circulation-induced drag increment CD,cir increase with  for both the full- 
and fractional-span actuation showing the sensitivity of the induced drag to the changes in 
boundary layer thickness with  on the suction side of the airfoil.  More importantly, Figure 9b 
shows that CD,cir is significantly higher for fractional- than for full-span actuation underscoring 
the importance of spanwise edge effects associated with the former.  However, as emphasized in 
the discussion of Figure 8, fractional-span actuation the interaction of the cross flow with a sparse 
spanwise array of 3-D wall jets results in significantly lower drag increments compared to the 
corresponding 2-D wall jets.  As already noted, compared to fractional-span actuation, full-span 
2- and 3-D actuation results in lower CD,cir that varies only weakly with .  While full-span 
actuation by the C2D-1 and C3D-1 wall jets leads to nearly negligible changes in CD,cir (in fact, 
C3D-1 results in a small decrement at  = -5o), full-span C3D-2 actuation results in small increases 
in CD,cir at  = 0 and +5o that become asymptotic around CD,cir  0.025 with increasing C.  
These differences in CD,cir between C3D-1 and -2 indicate that the spacing and strength of the 
spanwise array of streamwise vortices induced by the 3-D wall jets can probably be optimized to 
minimize the induced drag. 

IV. Scaling of Actuation Layout 

The present investigations also considered the sensitivity of the aerodynamic performance of the 
3-D fluidically-oscillating wall jet arrays to some variations in scaling the actuators spacing and 
of the jet orifices in the array’s exit plane.  These studies utilized the basic design of the fluidic 
oscillator array C3D-1 and the effects of variations of its geometry characteristics were compared 
with the 2-D Coanda jet (as shown in Figure 6, for a given C the performances of C2D-1 and -2 
are nearly identical).  First, the effects of the aspect ratio of the jet orifices (AR = 1, 2 and 2.5) were 
considered while keeping the orifice height above the Coanda surface h (and the ratio h/R) as well 
as the array’s total spanwise active area invariant.  With this scaling of the orifice aspect ratio the 
active trailing edge segment included 29, 14, and 11 wall jet modules with nearly identical 
respective total active areas (0.34A1, 0.33A1, and 0.32A1).  Similar to the procedure used in 
connection with Figure 6, the variation of the Coanda forces with actuation mass flow rate was 
measured in the absence of cross flow in the tunnel and the total forces are shown in Figure 10a 
for the 2- and 3-D jets.  While the orifice areas of the 3-D jet arrays are clearly smaller than the 
area of the 2-D array, it is interesting to note that the rates of change of C with Cq

2 increase with 
the jets’ aspect ratio even though the total active areas of the arrays are the same indicating that 
increasing the spanwise width or aspect ratio of the 3-D actuation jet enhances its interaction with 
the Coanda surface (although this effect clearly diminishes in the limit of a 2-D jet indicating 
saturation associated with spanwise interference).  This interaction with the Coanda surface is also 
manifested by the angles  of the resultant forces relative to the streamwise (x) direction.  For 
example, for Cq = 0.01 even though the vertical component of the Coanda force is higher for the 
3D jet with AR = 2.5, turning of the 2-D jet is higher:  = 74o and 59o for the 2-D and C3D-
1(AR = 2.5), respectively. 

The aerodynamic effects associated with the different aspect ratios of 3-D wall jets are shown in 
Figure 11 at  = 0o.  Interestingly, as shown in Figure 11a, for a given C the induced lift increment 
appears to diminish with increasing jet aspect ratio when the total active area of the 3-D actuation 
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is preserved even though its effected Coanda force increases with AR (Figure 10a).  In fact, it is 
noteworthy that as shown in Figure 9, an array of 14 similar 3-D jets (C3D-2) with AR = 3 (and 
somewhat smaller total active area) yielded lower CL than the present 14 jet array with AR = 2 
(1.7 vs. 1.5 at C = 0.1).  It is conjectured that since C/jet is nearly the same for the two 14-jet 
arrays that the somewhat lower CL is associated with the lower momentum density of the higher 
aspect ratio jets.  However, as shown in Figure 11b, since the corresponding induced drag 
increments also decrease with increasing aspect ratio, CL/CD,cir increases with increasing AR 
(for example, at C = 0.1 CL/CD,cir  1.5 and 2 for the 2-D and 3-D AR = 2.5-actuation).  The 
effectiveness of the actuation is depicted in Figure 11c by considering the incremental change in 
lift CL,jet and the corresponding momentum coefficient per actuation jet.  For Cjet < 0.03, 
actuation with AR = 1 and 2 appears to induce about the same CL,jet while AR = 2.5 is somewhat 
less effective (its rate of increase with C/jet is lower).  The lift induced by AR = 1 (smallest scale 

 
Figure 10. As in Figure 6 for C2D-1 (A1, ) and C2D-2 (0.82A1, ) that are compared with three aspect ratio 
variants of C3D-1 (AR= 1, 0.34A1, ), C3D-1 (AR=2, 0.34A1, ■), and C3D-1 (AR=2.5, 0.32A1, ▼). 

 
Figure 11. Variation with C of CL (a) and CD,cir (b) and of the lift increment per active jet with C per active jet 

(c) for 3-D jets at =0
o
 (Re = 4.7∙10

5
) with different orifice aspect ratios: C3D-1 (AR= 1, 0.34A1, ), C3D-1 (AR=2, 

0.34A1 ■), and C3D-1 (AR=2.5, 0.32A1▼), compared with C2D-2 (0.82A1 ). 



AIAA-2023-1992 

 

American Institute of Aeronautics and Astronautics 

13 

orifice) appears to depart from the ’BL control’ domain at C/jet  0.003 indicating an upper 
performance limit that is probably associated with interference between adjacent jets in this dense 
array (29 jets).  Next, AR = 2 (14 jets) appears to remain somewhat longer in the ‘BL control’ 
domain, thus elevating the circulation-control effect beyond that of AR = 1 jets, while for AR = 2.5 
(11 jets) CL/jet is not locally as efficient in the BL control, but continues to increase nearly 
linearly with C/jet in the circulation control domain without indication of subsiding within the 
measurement range.  These data indicate that under scale constraints that may hinder the 
performance an array of the fluidic actuators the aerodynamic performance of the actuation in 
terms of CL/jet at increased momentum coefficient may be optimized by considering increased 
actuator aspect ratio that yields higher performance at higher C/jet. 

Another scale characteristic of 3-D jet arrays is the effect of the spanwise density or the spacing 
of the jet modules on their aerodynamic performance.   As noted by DeSalvo et al. (2016), the 
performance can be affected by the available C/jet and may result in higher lift increment 
(although the performance of closely spaced jets may also be hindered by spanwise interference).  
The effect of the jet spacing when the actuation modules are unchanged is investigated using 
spanwise arrays of configuration C3D-1 that are equally distributed at three characteristic spanwise 
spacings of their centerlines s/c = 0.041, 0.063, and 0.085 yielding 29, 19, and 14 jet modules 
within the actuated central 1/3 span segment for which the total active areas are 0.34A1, 0.22A1, 
and 016A1.  Similar to Figures 6 and 10, the Coanda forces generated by the jet arrays in the 
absence of cross flow are shown in Figure 12a and compared with the corresponding 2-D jet C2D-
1.  These data show that for a given C the Coanda forces induced by the 3-D arrays are larger 
than the force induced by the 2-D wall jet (C2D-1) and similar to C3D-1 and -2 in Figure 6, 
increase with the spacing of the 3-D wall jets.  Furthermore, for a given Cq, the Coanda force 
increases nearly linearly with Cq/jet indicating that within this parameter range at a given Cq/jet 
the total force (as measured by C) is nearly a multiple of the force induced by each of the jets 
within the array.  Figures 12b and c show that the angles  of the resultant Coanda forces relative 
to the streamwise (x) direction increases with s/c - indicating that a sparse jet arrays can, in 

 
Figure 12. As in Figure 6 for C2D-2 (0.82A1, ) that is compared with three C3D-1 arrays having different jet 
spacings s/c = 0.041, (), 0.063 (), and 0.085 (). 
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principle, achieve the same turning over the Coanda surface as a dense jet array at some higher 
C/jet. 

The effects of varying the spanwise spacing of the actuation jets on the induced aerodynamic loads 
at  = 0o are depicted by considering the variation of CL with the array’s C in Figure 13 (the 
data for the 2-D jet C2D-1 are also included for reference).  Comparison of these data with Figure 
9 (in which the data for C2D-1 and for C3D-1 s/c =  0.041 also appear) shows that while for 
C < 0.03 CL for all the arrays are identical, for C >0.03 (the circulation control regime) CL 
increases nearly linearly with C, but at different rates that for a given Cdiminish with increasing 
s/c despite the increase in C/jet.  Considering that the jets in these arrays are identical, the data in 
Figure 13a indicate that the reduction in the rate of increase of CL with C simply indicates the 
limitation in the effectiveness of individual jets within the array to increase the circulation by 
turning of the cross flow between the neighboring jets, and that to increase the circulation further 
would require additional jets.  Considering the spanwise actuation density of the three 3-D arrays, 
the aerodynamic performance data in Figure 13a is scaled with respect to the number of active jets 
in each array and the variation of CL,jet with C,jet is plotted Figure 13b.  These data show that 
scaling the aerodynamic performance of arrays of identical jets and their total momentum 
coefficient in terms of their active jets yields a single curve that appears to depict a universal 
dependence that allows for direct relationship between arrays of different actuation density.  

The dependence of the aerodynamic performance on the spanwise density and the aspect ratio of 
actuation jet arrays shown in Figures 11c and 13b indicates scaling dependence on two ratios 
namely the area ratio of the arrays active area to some reference area A/Aref and the actuation duty 
cycle as measured by the ratio of the jet span to the spanwise periodicity of the array w/s.  It is 
noted that Aref can be taken to be the area of the reference 2-D jet in the present investigations or 
could also be the active spanwise planform area of the wing.  Based on the findings associated 
with Figures 11 and 13, it is argued that for a given Coanda surface the aerodynamic performance 
as measured by CL and C should depend on the jet orifice parameter, expressed by its cross-

 
Figure 13. The variation with C of the lift increments CL at =0

o
 (a) for three spanwise equally distributed arrays 

of configuration C3D-1 where each uses the same jet module at three characteristic spanwise spacings s/c = 0.041, 
(), 0.063 (), and 0.085 () yielding 29, 19, and 14 jet actuators within the central 1/3 span segment of the airfoil 
such that the total active areas are 0.34A1, 0.22A1, and 016A1.  The per active jet lift coefficient increment CL,jet and 

momentum coefficient C,jet are shown in (b). 
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sectional area Aj, the orifice linear dimension, expressed by its width w, and the linear jet spacing 
s in the jet array.  Following this argument, the dependence of CL on C is scaled such that   
∆𝐶௅ ൌ 𝑓ሾ𝐶ఓ ∙ ሺ𝐴௝ 𝐴௢ሻ⁄ ିଵ ∙ ሺ𝑠 𝑤ሻ⁄ ିଵሿ.  This scaling is tested by considering all the 3-D jet arrays 
utilized in the present experiments with varying spacings and orifice areas.  The variation of the 
lift coefficient with the scaled momentum coefficient is shown in Figure 14a for  = 0o.  These 
plotted data exhibit remarkable collapse, and clearly depicts the two control regimes namely BL 
control and circulation control as discussed in connection with Figure 7.  It is clearly noted that for 
the two arrays C3D-1 (s/c = 0.063, and 0.085), CL begins to deviate from the curve envelope at 
𝐶ఓ ∙ ሺ𝐴௝ 𝐴௢ሻ⁄ ିଵ ∙ ሺ𝑠 𝑤ሻ⁄ ିଵ = 0.25 and 0.45.  This is indicative of local saturation of the Coanda 
effect of the individual jets and that the jets are simply too far apart hindering the flow turning of 
circulation control between neighboring jets.  Although the dependence of the drag coefficient on 
the scaled C is somewhat more scattered, Figure 14b shows that even CD has about the same 
dependence on the scaled C as CL.  It is interesting to note that Figure 14b predicts that the 
induced drag over the present Coanda surface has a local maximum and thereafter diminishes even 
though the lift increment continues to increase weakly. 

V. Conclusions 

Lift increments on an airfoil by controlled modification of its circulation using the Coanda effect 
on a bluff trailing edge are investigated in low-speed wind tunnel experiments 
(4.7ꞏ105 < Re < 6.1ꞏ105) at low angles of attack (-5 <  < 5).  While in earlier investigations 
Coanda-based circulation control was commonly applied using a nominally 2-D steady tangential 
wall jet, the present study builds on earlier high-lift implementation of fluidic actuation over a 
simple flap by spanwise arrays of 3-D fluidically oscillating wall jets with varying spanwise 
distributions and scaling (DeSalvo et al., 2016, 2020).  The primary objective of the present work 
is to enhance three-dimensional spanwise-segmented circulation control by a conventional 2-D 
wall jet on a quarter-cylinder Coanda surface using spanwise arrays of 3-D fluidically oscillating 

 
Figure 14. Increment in total lift (a) and circulation drag (b) coefficient relative to the total jet momentum coefficient 
and relative jet orifice area Aj and spacing s for the varying C3D-1 spacing s/c = 0.041 (), 0.063 (), and 0.085 

(), for its increased aspect ratio C3D-1 (AR=2, ■), and C3D-1 (AR=2.5,▼), and for C3D-2 (♦). 
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jets at the same operating conditions.  The present investigation also compares the effects of the 
2- and 3-D Coanda actuation over a spanwise segment of the airfoil with actuation over its entire 
span. 

Following bench testing of several configurations of spanwise arrays of fluidically oscillating jets, 
jet arrays were installed in a modified 2-D NASA 17%-thick supercritical airfoil and the streamwise 
and cross stream components of the induced Coanda forces by 2- and 3-D wall jets were measured 
in the absence of cross flow over a range of actuation mass flow rates.  It was shown that the Coanda 
forces vary linearly with the square of the actuation mass flow rate or that C ~ Cq

2, and yielded at 
least twice the thrust of the 2-D continuous jet while maintaining comparable attachment to the 
Coanda surface. 

The aerodynamic performance of the Coanda effects of the 3-D jets at the central (one-third) span 
segment of the trailing edge of the airfoil model was compared with the 2-D jets in terms of the 
variation with C and Cq of the induced lift increments CL relative to the baseline levels in the 
absence of actuation.  Similar to the findings of earlier investigators, these data exhibited nearly-
linear variation of CL with C in two distinct regimes namely, boundary layer (or separation) 
control and circulation control.  While in the separation control regime (C < 0.06) the 2- and 3-D 
wall jets yielded nearly identical performance and the same rate of change of CL with C, in the 
circulation control regime CL of the 2-D jets was somewhat higher but offset by a constant with 
nearly the same rates of increase with C.  These data also show that for a given Cq within the 
separation control regime the 3-D jets can induce higher CL and C than the 2-D jets and that 
even when the induced CL is the same, C of the 3-D jets is attained at lower Cq. 

Perhaps more importantly, the present investigations showed that within the range of operation of 
the 3-D jets, the induced drag increments by the actuation at a given C are significantly lower 
than the corresponding increments induced by the 2-D jets.  For example, at C = 0.1 the drag 
increments induced by the 2-D jets are about 54%, 58%, and 62% higher than the 3-D jets  = +5o, 
0o, and -5o, respectively indicating that the 3-D actuation at the same momentum coefficient is 
significantly more efficient.  Preliminary results also indicate that the reductions in the actuation 
induced drag can be attributed to the interaction of the cross flow with the discrete fluidically 
oscillating wall jets over the Conada surface that gives rise to the formation of surface-bound array 
of counter-rotating streamwise vorticity concentrations in contrast to strong edge vortices that are 
induced by the 2-D jets at the spanwise edges of the active actuation segment.   

The present investigations also considered the sensitivity of the aerodynamic performance of the 
3-D wall jet arrays to some variations in scaling of actuator spacing and of the jet orifices in the 
array’s exit plane.  Based on measurements of the aerodynamic performance for several 
configurations of 3-D jet arrays, it is argued that the momentum coefficient that yields the 
aerodynamic performance for a given Coanda surface should be scaled by the actuation area ratio 
as measured by the ratio of the array’s active area to some reference area A/Aref and by its duty 
cycle as measured by the ratio of the jet orifice span to the spanwise periodicity of the array w/s.  
This scaling is tested by considering all 3-D jet arrays with varying spacings and orifice areas that 
were used in the present investigations.  The variation of the lift coefficient with the scaled 
momentum coefficient exhibits remarkable collapse throughout the two control regimes (BL and 
circulation control).  Nonetheless, deviation of CL from this collapse occurs with increasing jet 
spacing indicating an apparent saturation of the Coanda effect by jets that are too far apart.  It is 
also shown that the drag increment CD has similar dependence on the scaled C and the collapsed 
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data suggests that the induced drag over the present Coanda surface has a local maximum and 
thereafter diminishes even though the lift increment continues to increase. 
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