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A High Efficiency Low Power (HELP) methodology has been successfully developed and 
tested on an active flow control (AFC) version of the 10%-scale high-lift Common Research 
Model (CRM-HL) at the NASA Langley Research Center 14- by 22-Foot Subsonic Tunnel 
(14x22).  The AFC variant of the CRM-HL, designated as CRM-SHL-AFC, was integrated 
with modular HELP actuator cartridges on the shoulder of its highly deflected (³ 50°) simple-
hinged flaps.  A reference conventional CRM-HL configuration equipped with Fowler flaps 
and a nacelle chine was chosen to provide the targeted lift enhancement goals and for 
comparison with the results of the CRM-SHL-AFC.  The current data are presented with the 
Transonic Wall Interference Correction System (TWICS) method applied.  The HELP 
actuators, which use a combination of unsteady sweeping jets and steady discrete jets in 
tandem, were designed to overcome strong adverse pressure gradients, while minimizing the 
pneumatic power usage.  The power coefficient (Cp), which takes account of both supply air 
pressure and mass flow usage for the AFC actuators, is a useful parameter for judging the 
actuators’ performance efficiency and perhaps for scaling-up of the AFC system.  Full HELP 
actuation coverage with a constant spanwise nozzle pressure ratio (NPR) was able to achieve 
the lift enhancement goals for the entire lift curve and was found to be the most effective AFC 
case.  For the most effective case, mass flow rates greater than ~0.91 lbm/s and NPR values 
greater than ~1.8 (corresponding to Cπ = 0.18) are needed to achieve the lift enhancement goal 
at a = 9°, whereas mass flow rates greater than ~1.23 lbm/s and NPR values greater than ~2.3 
(corresponding to Cπ = 0.3) are needed to achieve the lift enhancement goal at a = 17°.  Surface 
pressure distributions indicate that the HELP actuation on the flap shoulder increased the 
suction pressures (and flow circulation) globally in both the streamwise and the spanwise 
directions, and thereby enhanced the lift over the entire high-lift system.  The CRM-SHL-
AFC configuration equipped with HELP actuation was able to match or exceed the lift 
performance of the reference conventional CRM-HL, thus meeting the objective of the 
research. 

 

I. Nomenclature 
An   = total area of all active nozzle exits 
cr   =  mean aerodynamic chord; 27.58 inches 
CD   = drag coefficient; (drag force)/(S·q∞) 
CL   = lift coefficient; (lift force)/(S·q∞) 
Cm   = pitching moment coefficient; (pitching moment)/(S·cr·q∞) 
Cp   = pressure coefficient; (p – p∞)/q∞ 

CQ   = mass flow coefficient; /(ρ∞·S·U∞) 
Cμ   = momentum coefficient;      

2/(rn·An·q∞·S) 
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Cp   = power coefficient; (CQ·Pa)/q∞ 
   = total mass flow rate 

M∞   = freestream Mach number 
p   = pressure  
p∞   = freestream static pressure 
Pa   = actuator plenum pressure 
q∞   = freestream dynamic pressure  
Rec   = Reynolds number based on mean aerodynamic chord (cr) 
S   = wing reference area 
U∞   = freestream velocity 
x, y, z            = coordinates along the model’s longitudinal axis, lateral axis, and normal axis, respectively 
a   = angle of attack 
ΔCL   = lift coefficient increment 
r∞   = freestream density 
rn   = air density at the actuator nozzle 
 

II. Introduction 
modern high-lift system is typically designed to allow a transport aircraft — with transonic cruise speeds — to 
safely operate at slow speeds for landing and takeoff operations.  The high-lift system is usually slotted both 

on the leading edge and the trailing edge of the wing to take advantage of the aerodynamic properties of slotted flows 
and achieve the necessary high-lift performance [1].  However, the slotted trailing-edge devices such as the Fowler 
flaps and the associated subsystems necessary to change the wing configuration from cruise to low-speed, are complex 
and protrude externally under the wings — and require external fairings — that result in increased cruise drag.  One 
possible approach to mitigate this issue is to use simple-hinged flaps with active flow control (AFC) [2,3] to provide 
the required high-lift performance while reducing the associated external drag.   

Simple-hinged flaps are the most basic flaps due to their simple design and operation; however, they often require 
higher flap deflections (i.e., > 40°) than other more complex flap designs [4-6].  The purpose of such high flap 
deflections is to increase the wing camber such that it would have the potential to achieve aerodynamic lift 
performance comparable to a conventional Fowler (slotted) flap high-lift system, while eliminating the cruise drag 
penalty associated with the external deployment mechanism for the Fowler flap systems.  System integration studies 
indicated that up to a 2.25% fuel burn reduction is possible if an AFC-enabled simplified high-lift system (i.e., simple-
hinged flaps inboard and outboard) could provide the equivalent lift level as the one equipped with a Fowler flap 
system [5].  However, the high flap deflection on the simple-hinged flap produces strong adverse pressure gradients, 
and hence massive flow separation on the flap that is extremely challenging to attenuate using AFC methods.  A novel 
AFC concept, namely the High Efficiency Low Power (HELP) methodology, has been developed for simple-hinged 
flap high-lift systems [7].  The HELP actuation methodology overcomes this challenging problem and makes the 
simple-hinged flap systems a possible option for future aircraft designs.   

Under the sponsorship of the NASA Advanced Air Transport Technology (AATT) Project, a 10%-scale 
conventional high-lift version of the Common Research Model (CRM-HL) and an Active Flow Control (AFC) version 
of the model equipped with a simple-hinged flap (CRM-SHL-AFC) [7-10] were successfully tested at the NASA 
Langley Research Center 14- by 22-Foot Subsonic Tunnel (14x22).  The wind tunnel test demonstrated that the HELP 
actuators were extremely effective in controlling the massive flow separation on the CRM-SHL-AFC with high flap 
deflections (³ 50°).  The HELP actuators were the only AFC actuators examined during the test that met or exceeded 
the targeted lift performance goal.  The HELP actuation concept may represent a breakthrough in flow separation 
control technology because it can be used to achieve lift enhancement more efficiently by using less pneumatic power 
compared to other flow control techniques such as circulation control [11]. 

This paper presents the 14x22 test results of the CRM-SHL-AFC using the HELP actuators in detail, which 
include the AFC parameters such as actuator coverage, nozzle pressure ratio (NPR), mass flow, and pneumatic power 
usage.  Furthermore, a flow physics analysis based on surface pressure and flow visualization is also presented in the 
paper. 
 
  

A  
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III. Wind Tunnel Test 
The wind tunnel test was performed at the NASA Langley Research Center (LaRC) 14- by 22-Foot Subsonic 

Tunnel (14x22) [12].  The 14x22 is an atmospheric, closed return wind tunnel with a 14.5-ft high, 21.75-ft wide, and 
50-ft long test section.  When testing in the closed-wall configuration, a maximum freestream velocity of 338 ft/s and 
a dynamic pressure (q∞) of 144 psf can be achieved.  The unit Reynolds number ranges from 0 to 2.2×106 per foot.  A 
10%-scale semispan (right wing) CRM-HL was fabricated and tested in the landing configuration at a nominal 
freestream Mach number (M∞) of 0.2 with a corresponding q∞ of approximately 60 psf and a Reynolds number based 
on mean aerodynamic chord (Rec) of 3.27×106.   

The experimental measurements included forces and moments using a balance (NASA MC-110), surface static 
pressures using pressure taps and electronically scanned pressure (ESP) modules, surface dynamic pressures using 
unsteady pressure sensors (Kulites®), as well as flow visualization using minitufts [10] and infrared (IR) cameras.  
Based on the balance accuracy, angle of attack (a) and q∞, the expected instrumentation uncertainty is estimated to be 
within ±0.01 for the lift coefficient (CL), ±0.0030 to ±0.0040 for the drag coefficient (CD), and ±0.0030 to ±0.0035 for 
the pitching moment coefficient (Cm).  The uncertainty of the latter two is also a function of a — i.e., a greater 
uncertainty is associated with higher angles of attack.   

 
A. Wind Tunnel Model Configurations: CRM-HL (Reference Case) and CRM-SHL-AFC 

The current high-lift research effort involves a reference conventional high-lift configuration (CRM-HL) that is 
based on the open NASA Common Research Model (CRM) [13-15].  The CRM-HL configuration was reported by 
Lacy and Sclafani [16] and it is intended to be open as well.  Detailed descriptions of the 10%-scale CRM-HL model 
features were reported in Lin et al. [7].  A photo of the semispan CRM-HL installed vertically in the 14x22 is shown 
in the Fig. 1(a).   
 

  
(a) Reference CRM-HL in the 14x22          (c) Nacelle chine fixed a prestall lift degradation [7] 

             (no wall correction applied to a)            

Fig. 1  Reference CRM-HL. 
  

Aerodynamic performance data of the conventional high-lift configuration (CRM-HL) with a 30° slat deflection, 
a 37° flap deflection, and a nominal slat and flap position setting as reported by Lacy and Sclafani [16] were acquired 

(b) Chine installation on the nacelle 

Nacelle chine  

Strake  
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as part of the test campaign at the 14x22.  The CRM-HL lift performance provides a target for the CRM-SHL-AFC 
configuration to achieve.  In order to represent a typical modern high-lift system, all test runs were performed with a 
wing/fuselage strake (or filler) and the engine nacelle attached to the model.  The installation of a nacelle chine (Fig. 
1(b)) was needed to resolve a prestall lift performance degradation issue for the CRM-HL (Fig. 1(c)).  The results of 
this CRM-HL configuration with the nacelle chine was selected to provide the targeted lift enhancement goals and to 
serve as the reference for comparison with those of the CRM-SHL-AFC [7].  Notice that the CAD for an earlier CRM-
HL configuration without the nacelle, wing/fuselage strake, and brackets can be downloaded from the AIAA High-
Lift Prediction Workshops website [17].  

The AFC-enabled high-lift configuration (CRM-SHL-AFC) equipped with 50° inboard and 55° outboard 
(50°/55°) simple-hinged flaps was also built and tested at the 14x22 [7].  The outboard flap deflection was higher but 
necessary to align the outboard edge of the inboard flap with that of the inboard edge of the outboard flap.  The 30° 
slat and most of the main wing, with the exception of the trailing edge/cove components, are the same between the 
AFC-enabled and the conventional high-lift geometries.  The inset sketch in Fig. 2 illustrates the difference between 
the two configurations with a sectional view across the midspan of the outboard flap. 

A schematic of the pressure tap locations, indicated by dots, is also shown in Fig. 2.  Most of the pressure taps 
are in streamwise arrays at eight spanwise locations with three rows across the inboard flap span, three rows across 
the outboard flap span, and two rows across the aileron region — i.e., y = 17.45, 27.75, 38.05, 48.35, 63.8, 79.25, 
94.7, and 105 inches; where the yehudi break that separates the inboard and outboard flaps is located at y = 42.8 
inches.  Pressures from three of these rows at y = 27.75 inches (across the midspan of the inboard flap), y = 63.8 inches 
(across the midspan of the outboard flap or near the midspan of the model), and y= 94.7 inches (beyond the outboard 
flap), as identified in Fig. 2, are selected for analysis later in this paper.  Additionally, six spanwise arrays are on the 
upper wing surface with one row on the slat, three rows on the main wing, and two rows on the flap.  The total number 
of pressure taps on the wing is 611.  Other locations for pressure taps include the fuselage (56) and nacelle/pylon (63).  
There are 31 unsteady pressure sensors installed on the model that include six on the wingtip, seven on the pylon, six 
on the outboard edge of the conventional flap, and twelve on the simple-hinged flap (six each on the inboard and the 
outboard flaps).  There are also four accelerometers installed inside the main wing. 

 

 
Fig. 2  Schematic of pressure tap locations and representative cross section of high-lift configurations. 

 

B. HELP actuators 
The HELP actuation is a new and promising flow-

control approach that combines unsteady sweeping jet 
blowing [18] for Row 1 and steady discrete jet blowing 
for Row 2 (see Fig. 3).  The purpose of the HELP 
actuator’s design is to enable the sweeping jet actuators 
of Row 1 to emit a significantly smaller amount of mass 
flow than that of the discrete jets of Row 2, and therefore, 
effectively precondition the boundary layer such that the 
Row 2 actuators can achieve much better flow control Fig. 3  HELP actuator cartridge. 
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authority.  The intended goal of the boundary-layer preconditioning is to attenuate the effects of the surface curvature 
and the adverse pressure gradient at the flap shoulder.  The design also leverages the synergistic benefit of allowing 
the two rows of actuators to act together to produce a total aerodynamic lift that is greater than the sum of each row 
acting individually.  The HELP actuation concept is designed to expand the range of flow separation control in the 
linear region of the lift versus mass flow curves, which also makes the HELP actuation highly efficient.   

The installation of the HELP actuator cartridges on the flap shoulder of the CRM-SHL-AFC (4 inboard and 6 
outboard) is shown in Fig. 4(a).  The cartridges are enumerated in sequential order, where the most inboard cartridge 
is designated as C1 and most outboard one is designated as C10.  The IR cameras are used for functional/health 
monitoring of HELP actuators during each run, as shown by an example in Fig. 4 (b).  The actuator cartridges are 
made of plastic, and therefore, show up as a lighter color in the image.  The cooler jets exiting the actuators show up 
as a dark color.  The zigzag pattern of the jet flow is due to the spreading sweeping jets in Row 1.  Notice that the 
discrete jets of Row 2 are out of view in the image of Fig. 4(b). 
 

            
(a) AFC installation on CRM-SHL-AFC    (b) Example of an IR image of HELP actuators  

(NPR = 2.4, a = 9°, M∞ = 0.2)                                                                      

Fig. 4  CRM-SHL-AFC in the 14x22 and HELP actuators. 
 

There are five control valves on a pressure manifold inside the model fuselage and each valve controls a pair of 
hoses for supplying pressurized air to the ten AFC cartridges.  The plenum pressure and mass flow rate for the 
cartridges could be varied by the control valves and/or by an individual actuator exit being physically plugged.  The 
AFC test parameters investigated include mass flow rate (up to nearly 1.4 lbm/s), nozzle pressure ratio (up to 3), and 
actuation coverage in the spanwise direction.   
 

 

C10 

C1 

C2 

C3 

C4 

C6 

C5 

C7 

C8 

C9 



 6 

V. Results and Discussion 
The results presented in this paper are with 

tunnel wall corrections applied using the Transonic 
Wall Interference Correction System (TWICS) 
method [19-21].  Previous CRM-HL test results 
presented [7-10] had no wall correction applied.  
The wall correction method uses measured wall 
pressures and takes account of solid body blockage, 
separation wake blockage, and lift interference 
correction for a semispan model. 

The application of TWICS typically increased 
the angle of attack (a) for the lift curve by 0.2° to 
1.2° and decreased the maximum lift coefficient by 
~0.01 to 0.06, as illustrated in Fig. 5 for the 
reference CRM-HL and the baseline (AFC off) 
cases. 

The wind tunnel test results and discussion are 
presented in the following three subsections: (A) 
Aerodynamic Performance, (B) Pneumatic Power 
Usage, and (C) Surface Pressures and Flow 
Visualization. 
 
A. Aerodynamic Performance 

The HELP actuation demonstrated that it could provide a very strong flow control authority as intended.  The 
synergistic benefit, which results from the two rows actuating together to produce a lift that is greater than the sum of 
each row actuating individually, is clearly illustrated in the lift curves of Fig. 6.  This effect is much more pronounced 
at higher angles of attack where the adverse pressure gradient is stronger.  By design, the sweeping jets of Row 1 
discharge a small amount of the mass flow to enable the discrete jets of Row 2 to have greater flow control authority, 
effectively boosting the Coanda effect. 

 

 
 (a) CL vs. a            (b) DCL vs. a   

 

Fig. 6  Synergistic benefit of HELP actuation between 1st and 2nd rows (NPR = 1.5, M∞ = 0.2). 
 
The lift curves produced by partial AFC coverage using up to eight HELP actuators (C1-C6, C1-C8, or C1-C4 

plus C7-C8) with NPR = 2 and full coverage using all ten actuators (C1-C10) with NPR = 1.5 are shown in Fig. 7(a).  
The lift curve of the reference CRM-HL, defined in Ref. [7] as the configuration with the engine nacelle and nacelle 

Fig. 5  Effect of tunnel wall corrections (TWICS) on 
the CRM-HL lift curves. 
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chine, is also plotted in the figure for comparative purposes.  The reference CRM-HL lift curve has a slightly steeper 
slope compared to those of the CRM-SHL-AFC configurations, which present extra challenges for AFC at higher 
angles of attack.  Although all of these AFC cases were able to match or exceed the lift performance of the reference 
CRM-HL at lower angles of attack (e.g., a £ 6°), their lift performance fall significantly short of the reference case 
near the maximum lift (a » 17°), as shown in Fig. 7(a). 

In order to achieve the lift performance enhancement goal of DCL ³ 0.5 at both lower angles of attack and near 
maximum lift (stall), ten HELP actuators with NPR ³ 2 or eight actuators with NPR » 2.4 were required to meet the 
lift performance goal, as shown in Fig. 7(b).  One additional approach was taken in an attempt to reduce the mass flow 
usage of the HELP actuators by applying more pneumatic power over the inboard flap than over the outboard flap 
using a spanwise tailoring of NPR approach ¾ typically NPR is ~1.3 times its averaged value for C1 to C4 and ~0.7 
times its averaged value for C5 to C10.  This approach also met our targeted lift performance goal at the lower angles 
of attack and came very close to reach the performance goal near maximum lift.  The AFC-induced DCL increment 
was maintained for the entire lift curve that includes both lower angles of attack (e.g., a » 9°) and near maximum lift 
(i.e., a » 17°) for most cases examined.  Note that 9° and 17° angles of attack are equivalent to 8° and 16°, respectively, 
without the tunnel wall corrections applied.  As shown in Fig. 7(b), full HELP actuation coverage (C1-C10) with NPR 
» 2.4 was able to exceed the lift performance of the reference conventional CRM-HL for the entire angle of attack 
range, thereby fulfilling the lift enhancement goal. 
 

     
(a) Partial coverage with NPR = 2 and full 

coverage with NPR = 1.5 
(b) Partial coverage with NPR = 2.4 and full 

coverage with NPR ³ 2
 

Fig. 7  Comparison of lift curves between various HELP actuations (M∞ = 0.2). 
 

For completeness, the drag polar and pitching moment characteristics are shown in Figs. 8(a) and 8(b), 
respectively, for the cases of partial coverage with NPR = 2.4 and full coverage with NPR ³ 2 shown in Fig. 7(b).  As 
expected, the higher flap deflections (50°/55°) of the CRM-SHL-AFC configuration produced higher drag compared 
to the reference CRM-HL case with a lower flap deflection (37°) as shown in Fig. 8(a).  The most effective HELP 
actuation (full coverage at NPR = 2.4) generally produced slightly lower drag for the same lift, but it might produce 
more induced drag (drag due to lift) at higher a.  It should be noted that the increase in drag without losing the lift for 
the landing configuration could be desirable whenever a substantial speed reduction of the aircraft is required. 

Figure 8(b) shows that the Cm is negative for all cases examined, and the most effective HELP actuation (liftwise) 
produced the Cm performance closest to the reference CRM-HL.  A negative Cm (or nose-down pitching moment) 
helps to maintain aircraft longitudinal stability.  The AFC off case of the CRM-SHL-AFC has the least amount of 
negative Cm.  All Cm curves have positive slopes between a = 0° and a »18°.  Compared to the reference CRM-HL, 
the trends for all AFC cases show a slightly steeper (more positive) slope for a < 18°.  This is because the Fowler flap 
of the reference case has a longer moment arm to the moment center than the simple-hinged flap (due to the flap 
extension and lower flap deflection), therefore, the suction pressures on flap produced more nose-down pitching 
moment (negative Cm) at higher angles of attack. 
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(a) CL vs. CD              (b)   Cm vs. a
Fig. 8  Comparison of drag polar and pitching moment between various HELP actuations (M∞ = 0.2). 

 
B. Pneumatic Power Usage 

The two key angles of attack for high-lift design, a = 9° in the linear region of the lift curve and a = 17° near the 
maximum lift, were selected for comparison in terms of pneumatic power usage requirements.  Figure 9 shows the 
effects of NPR on lift for various HELP actuations that were able to meet or come within 0.05 DCL of the targeted lift 
performance goal for NPR ³ 2.  The goal is indicated by the dotted line representing the lift levels of the reference 
CRM-HL.  An NPR greater than ~1.8 is needed to achieve the lift enhancement goals for a = 9° and an NPR greater 
than ~2.3 is needed for a = 17°.  Note that NPR = 1.8929 corresponds to the choked flow condition.  Based on the 
NPR requirement, HELP actuation with eight cartridges (C1-C8) is less efficient than activation of all ten cartridges 
for either constant spanwise NPR or spanwise NPR tailoring for both angles of attack (Fig. 9).  However, the full span 
coverage of HELP actuators (C1-C10) with a constant spanwise NPR is the most effective because it is the only AFC 
case that is able to achieve the lift enhancement goal near stall (a = 17°), as shown in Fig. 9(b). 

  (a) a = 9°             (b) a = 17° 
Figure 9.  CL versus NPR comparison between various HELP actuations (M∞ = 0.2). 
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Another important AFC parameter examined is the mass flow rate ( ).  Figure 10 presents the mass flow rate 
results for the selected angles of attack of 9° and 17°.  Again, the dotted line marks the lift level of the reference CRM-
HL, which represents the performance goal.  The CL versus  curves roughly collapsed into a single curve and 
remained fairly linear for both a = 9° and a = 17°, which is a sign of good actuation efficiency.  The spanwise tailoring 
of NPR that emphasizes more inboard blowing performed like the untailored case (constant spanwise NPR) at both 
angles of attack.  For the most effective AFC case (C1-C10, constant spanwise NPR), a mass flow rate of greater than 
~0.91 lbm/s (CQ = 0.0027) is needed to achieve the lift enhancement goal of CL = 1.88 at a  = 9°, whereas a mass flow 
rate of greater than ~1.23 lbm/s (CQ = 0.0036) is needed to achieve the lift enhancement goal of CL = 2.45 at a = 17°. 

 
  (a) a = 9°             (b) a = 17° 

Figure 10.  CL versus  comparison between various HELP actuations (M∞ = 0.2). 
 

The momentum coefficient (Cμ) is a parameter that has been used for scaling up the performance of AFC actuators 
[22].  Figure 11 shows that a Cμ of greater than ~0.025 is needed for the most effective HELP actuation (C1-C10, 
constant spanwise NPR) to achieve the lift enhancement goal at a = 9°, and a Cμ of greater than ~0.037 is needed to 
achieve the lift enhancement goal at a = 17°.  Lin et al. [7] suggested that the power coefficient (Cπ) is a better 
parameter to use for judging the performance efficiency of AFC actuators.  The Cπ takes account of both the mass 
flow rate (i.e., CQ) and the supply air pressure (i.e., NPR).  It is linked to the power usage of a pneumatic-based AFC 
system as described by Seele et al. [23].  For the most effective AFC case (C1-C10, constant spanwise NPR), the 
pneumatic power requirements that enable the HELP actuation to achieve the lift performance goals are Cπ » 0.18 and 
0.3 for a = 9° and 17°, respectively.  The trends and characteristics of the CL versus Cπ curves are somewhat similar 
to those of CL versus Cμ curves (Fig. 11).  Both curves roughly collapsed into a single curve for both a = 9° and a = 
17°, suggesting that Cπ may be used for scaling up of a pneumatic-based AFC system such as the HELP actuation, 
because CQ is scalable ¾ and perhaps NPR too ¾ from a system perspective. 

There are no direct data on the scaling of Cp at the moment.  However, the current 10%-scale CRM-HL model 
indicated a DCL of 0.25 at a = 9° (~8° uncorrected) corresponding to a Cp  of about 0.06 for using the HELP actuators, 
which is very close to the full-scale test results of an AFC-enabled vertical tail for similar values of DCL and a that 
required a corresponding Cp of about 0.06 [22].  Granted they are for different simple-hinged flap defections (50° for 
CRM-HL and 30° for the vertical tail), different wing planforms, and different types of actuators (HELP actuators for 
the former and sweeping jets for the latter); nevertheless, the agreement in CL vs. Cp  performance is surprisingly 
close.  Therefore, it is perhaps reasonable to assume at this time, for system study and integration purposes, that the 
Cp is scalable.  
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      (a) a = 9°             (b) a = 17° 

Figure 11.  CL versus Cμ comparison between various HELP actuations (M∞ = 0.2). 
 

 
  (a) a = 9°             (b) a = 17° 

Figure 12.  CL versus Cp comparison between various HELP actuations (M∞ = 0.2). 
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C. Surface Pressures and Flow Visualization 
Three chordwise pressure coefficient (Cp) distributions measured at approximately the station across the midspan 

of the inboard flap (y = 27.75 inches), the midspan of the outboard flap (y = 63.8 inches), and beyond the outboard 
flap (y = 94.7 inches) are shown in Figs. 13, 14, and 15, respectively.  Figure 2 and the inserts in each of the 3 figures 
illustrate their respective chordwise locations.  Again, they are shown for various HELP actuations at the two selected 
angles of attack examined (i.e., a = 9° and 17°).  Figures 13(a), 14(a), and 15(a) show the comparison for a = 9°, 
while Figs. 13(b), 14(b), and 15(b) show the comparison for a = 17°.  Notice that the pressure tap locations in the x-
direction are in deflected coordinates, however, their alignments at y stations of 27.75 inches, 63.8 inches, and 94.7 
inches (inset images) are based on the stowed configuration because the deflected y coordinates for the slats and flaps 
are not in alignment with the freestream direction.   

The results of the reference CRM-HL (conventional high-lift configuration with engine nacelle and nacelle chine) 
[7] are also included in the figures for comparison.  Generally speaking, the HELP actuation produced more lift, on 
the slats and the main wing, whereas the reference CRM-HL (37° conventional flaps) produced higher suction 
pressures on the outboard flaps.  The CRM-HL shows no sign of flow separation on the inboard flap (Fig. 13) but 
displays flow separation at ~60% of the outboard flap chord (Fig. 14). 
 

 
(a) a = 9°           (b) a =17° 

 

Figure 13.  Cp distributions at y = 27.75 inches for various HELP actuations (M∞ = 0.2). 

 

 
(a) a = 9°           (b) a =17° 

 

Figure 14.  Cp distributions at y = 63.8 inches for various HELP actuations (M∞ = 0.2). 
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(a) a = 9°           (b) a =17° 

 

Figure 15.  Cp distributions at y = 94.7 inches for various HELP actuations (M∞ = 0.2). 
 

The Cp distributions show that AFC significantly increased the suction pressure on the upper surfaces of the 
inboard and outboard slats, the main wing, and the inboard and outboard flaps over the baseline (AFC off) case.  For 
the inboard flap station (y = 27.75 inches) at a = 9°, the AFC-induced suction pressure increase near the flap hinge 
line is especially noticeable (Fig. 13(a)).  The increase in suction pressure directly resulted in the increase in lift force 
observed for all HELP actuations.  Also at the inboard station (y = 27.75 inches), the spanwise tailoring of NPR and 
partial coverage with C1-C8 produce slightly more suction pressure around the flap shoulder than the uniform blowing 
at a maximum NPR of 2.4 (Fig. 13).  However, the spanwise tailoring of NPR produces slightly less suction pressure 
at the outboard flap station (Fig. 14, y = 63.8 inches).  For the outboard wing or aileron station (y = 94.7 inches), the 
AFC-induced increase in the suction pressures still remained on the slat and the wing leading edge at both a values 
presented in Fig. 15, despite the fact that AFC actuation ended prior to this spanwise station.  The CRM-HL model 
does not have a flap at the most outboard section and the pressure distributions show no evidence of flow separation 
near the wing trailing edge at this particular station (Fig. 15). 
 A maximum suction Cp of around -3.5 or greater was achieved on the main wing leading edge at a = 9° for all 
three spanwise (y) stations.  Perhaps due to the increase in flow circulation at a = 17°, substantially higher suction Cp 
values ¾ approximately -7.4 for y = 27.75 inches, -11.5 for y = 68.3 inches, and -9.6 for y = 94.7 inches are observed 
for the higher angle of attack case (a = 17°) at the slat leading edge.  Increased pressure recovery is also observed on 
the flap surfaces at both angles of attack.  The pressure increase on the lower (nonactuated) surfaces is minimal for 
most cases at a = 9° and 17°.   
 The spanwise Cp distributions near the wing leading edge and midchord as well as the flap trailing edge of the 
CRM-SHL-AFC configuration with various HELP actuations at a = 9° and 17° are presented in Figs. 16(a) and 16(b), 
respectively.  The results of the reference CRM-HL are also shown for comparison.  For clarity, the top image shows 
the location of the spanwise pressure rows.  The locations of the nacelle pylon, the yehudi break, and the outboard 
flap edge are illustrated by dotted vertical lines in the figure.  The effect of the engine nacelle is clearly shown in the 
Cp distributions for the wing leading-edge row.  The drop in the suction pressure at y = 38 inches is due to the wake 
(i.e., velocity deficit) generated by the nacelle pylon.  The nacelle wake footprint dissipates before the midwing row 
but the spanwise Cp distributions appear slightly skewed toward the outboard direction (Fig. 16).   
 The spanwise Cp distributions are mostly similar between a = 9° and 17° except for the higher suction pressure on 
the wing leading edge.  On the other hand, the higher suction pressure over the wing midchord disappeared for the 
HELP actuation compared to the conventional CRM-HL for a = 17°.  Various HELP actuations with NPR ³ 2 all had 
similar spanwise pressure distributions over the wing; but the best performing case remains the activation of all 
actuators (C1-C10) at a constant spanwise NPR of 2.4.  As expected, all AFC cases provided higher spanwise 
suction pressures along the wing leading edge and also better pressure recovery on the flap trailing edge at both 
a = 9° and 17° compared to the baseline case.  The AFC-induced suction pressure increase extends all the way to 
the wingtip, perhaps benefiting from the wing sweep (35° on the leading edge).  The increase in spanwise suction 
pressures is especially notable on the wing leading edge, well past the y location of the outboard flap edge where 
AFC actuation ends for both angles of attack.   
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(a) a = 9°           (b) a =17° 

 
Figure 16.  Spanwise Cp distributions for various HELP actuations (M∞ = 0.2). 

 
 The trailing-edge spanwise Cp distribution results indicate that the flow over the flaps is much more three 
dimensional (3D) for the AFC cases than either the baseline (AFC off) case or the reference CRM-HL case.  The 
AFC-induced periodicity in the Cp distributions roughly matches the number of AFC cartridges (~10) and their 
averaged pressure values are generally approaching that of the reference CRM-HL.  Both spanwise tailoring and the 
C1-C8 actuation approach are slightly less effective on the outboard flap for flow control.  Generally speaking, AFC 
with the HELP actuation on the flap shoulder increased the suction pressures (and flow circulation) globally, in 
both the streamwise and the spanwise directions, and thereby enhanced the lift over the entire high-lift system.   
 Figures 13 to 16 show that the HELP actuation with NPR ³ 2 all had similar pressure distributions over the high-
lift system; therefore, only the best performing case (C1-C10, constant spanwise NPR of 2.4) was selected for surface 
oil flow to further visualize and qualify the flow physics associated with AFC on the flap at a = 9° (with TWICS 
applied).  Figure 17(a) shows the oil flow visualization of the actuator jet flow on the inboard flap without any 
freestream flow in the wind tunnel.  The flow visualization indicates that the jets out of actuator cartridges are tangent 
to the flap surface without generating any unexpected flow pattern.  However, there is stagnant oil downstream of the 
gaps between actuator cartridges.  Consequently, local flow separation developed at these nonactuated regions on the 
flap (i.e., downstream of the gaps between actuator cartridges) when the tunnel flow was on, as shown in Fig. 17(b).  
The figure shows that HELP actuators maintained the attached flow over most of the flap surface.  For the outboard 
flap, similar to the inboard flap, attached and separated flow patterns were observed for both the inboard and outboard 
regions, as shown in Figs. 18(a) and 18(b), respectively.  However, the strong spanwise flow on the outboard flap 
created asymmetric focal points that can be clearly observed in Fig. 18(a).  These locally separated and attached flow 
regions compare well with the spanwise variations in the trailing-edge static pressures (Fig. 16(a)).  
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(a)  Inboard flap (M∞ = 0)       (b) Inboard flap (M∞ = 0.2) 
 

Figure 17.  Oil flow visualization of the HELP actuation on the inboard flap at NPR = 2.4 and a = 9°. 
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     (a)  Inboard region of outboard flap (M∞ = 0.2)             (b) Outboard region of outboard flap (M∞ = 0.2) 

 
Figure 18.  Oil flow visualization of the HELP actuation on the outboard flap at NPR = 2.4 and a = 9°. 

 
 These periodic 3D flow features (locally separated and attached flow regions) on the flaps were predicted by the 
CFD results reported by Vatsa et al. [8] as shown in Fig. 19.  Although the gaps between the AFC cartridges could 
not be eliminated due to model structural considerations, the partial flow attachment induced by the HELP actuators 
was still able to provide sufficient lift enhancement for the CRM-SHL-AFC to meet its performance goal ¾ i.e., to 
match or exceed the lift performance of the reference conventional high-lift configuration, CRM-HL equipped with a 
nacelle chine. 
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Figure 19.  Simulated surface streamline with activation of all HELP actuators (C1-C10) at NPR = 2.4 and a = 

9° (equivalent to TWICS applied) from Vatsa et al. [8]. 
 

V. Conclusions 
A High Efficiency Low Power (HELP) methodology has been successfully developed and tested on an active 

flow control (AFC) version of the high-lift version of the Common Research Model (CRM-SHL-AFC) at the NASA 
Langley Research Center 14- by 22-Foot Subsonic Tunnel (14x22).  The HELP actuators, which use a combination 
of unsteady sweeping jets and steady discrete jets in tandem, were designed to overcome strong adverse pressure 
gradients, while minimizing the pneumatic power usage.  Leveraging on the synergistic benefit of tandem rows, the 
HELP actuation enables the Row 1 sweeping jet to provide an effective Coanda boost to the Row 2 discrete jets that 
resulted in strong flow-control authority.  The AFC-induced DCL enhancement was maintained for the entire lift curve 
for most flow control cases examined.  Because the reference CRM-HL configuration has a Fowler flap, its lift curve 
has a slightly steeper slope compared to the CRM-SHL-AFC configuration.  This presents extra challenges for AFC 
at higher angles of attack (e.g., near maximum lift) where more pneumatic power is required to achieve the lift 
performance goal. 

Although ten HELP actuators with NPR ³ 2 and eight actuators with NPR = 2.4 were able to produce the lift 
coefficient increases (i.e., DCL » 0.5) required to match the lift goal of CL = 1.88 at the lower angle of attack case (a = 
9°), all ten actuators with a constant spanwise NPR of 2.4 were required to achieve the lift goal of CL  = 2.45 near the 
maximum lift (a = 17°).  For the most effective AFC case (i.e., C1-C10, constant spanwise NPR), mass flow rates 
greater than ~0.91 lbm/s and NPR values greater than ~1.8 (corresponding to Cπ = 0.18, CQ = 0.0027, and Cμ = 0.025) 
are needed to achieve the lift enhancement goal at a = 9°, whereas mass flow rates greater than ~1.23 lbm/s and NPR 
values greater than ~2.3 (corresponding to Cπ = 0.3, CQ = 0.0036, and Cμ = 0.037) are needed to achieve the lift 
enhancement goal at a = 17°.  The power coefficient (Cp), which takes into account both supply air pressure and mass 
flow usage for the AFC actuators, is a useful parameter for judging the actuators’ performance efficiency and perhaps 
can be used for scaling-up the AFC system. 
 Surface pressures and oil flow visualization were used to analyze the effects and impacts of the HELP actuation 
in order to better understand the relevant flow physics.  Surface pressure distributions indicate that AFC with the 
HELP actuation on the flap shoulder increased the suction pressures (and flow circulation) globally, in both the 
streamwise and the spanwise directions, and thereby enhanced the lift over the entire high-lift system.  The 
surface oil flow visualization indicated 3D and periodic flow features (i.e., locally separated and attached flow 
regions), which were also predicted by numerical simulations (Vatsa et al. [8]).  Although the gaps between the AFC 
cartridges could not be eliminated due to structural considerations, the partial flow attachment induced by the HELP 
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actuators was still able to provide significant lift enhancement for the CRM-SHL-AFC.  Ultimately, the CRM-SHL-
AFC configuration equipped with HELP actuation was able to match or exceed the lift performance of the reference 
conventional high-lift configuration (i.e., CRM-HL equipped with a nacelle chine), thus meeting the objective of the 
research. 
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