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Abstract 
This is the Northrop Grumman final report for the Advanced High-Lift Leading-Edge 
Technologies for Laminar Wings conceptual design and demonstration program performed for 
the National Aeronautics and Space Administration Langley Research Center. Northrop 
Grumman conducted conceptual aerodynamic CFD and QFD analysis to downselect two 
leading-edge concepts for high lift. The effort included aerodynamic analysis to examine 
instrumentation placement and propulsion analysis to design internal cavity geometry of the 
high-pressure blown slot configurations. A wind tunnel model design created a 7-foot span 
model of the complex configuration. A wind tunnel test plan, which included baseline, deflected 
trailing-edge, blown deflected trailing-edge, blown leading-edge, morphed leading-edge, and 
blown/morphed leading-edge airfoil configurations was developed. As a result of this program 
approach, a successful demonstration of high-lift leading-edge technology was reached, and the 
target goals for improved lift were exceeded by 30% with a maximum section lift coefficient (Cl) 
of 5.2. Incremental lift coefficient (DCl) of 3.5 and 3.1 was achieved on the two laminar 
compatible airfoil configurations (at cruise). Our high-lift design yielded a massive 94% lift 
improvement over conventional high-lift Krueger flap configurations while providing laminar 
flow capability on the cruise configuration.  
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1. Introduction and Overview 
Northrop Grumman Corporation (NGC) has leveraged its extensive history of laminar flow 
research and experimentation to explore various methods of achieving high lift with leading-edge 
methods on a wing section compatible with laminar flow. Gains in maximum lift coefficient 
could potentially reduce wetted area and parasitic drag and therefore fuel consumption. Without 
resizing the wing, introducing high-lift capabilities into the wing would allow for the use of 
additional regional airports to reduce delay times in the National Aerospace System (NAS) to 
meet aggressive fuel, emission, and noise reduction goals currently set by the customer. Current 
mechanized leading-edge devices result in unavoidable steps and gaps that cause boundary-layer 
transition when stowed, making them incompatible with laminar flow at cruise. The Advanced 
High-Lift Leading-Edge (AHLLE) program, which was executed with the program schedule 
shown in figure 1-1, achieved exactly this goal of high lift on a laminar 2D airfoil section 
through wind tunnel testing at representative takeoff/landing Mach and Reynolds numbers.  
The development and demonstrations outlined in this program are based on a foundation of 
progress in the aerospace industry over the last 20 years regarding laminar flow control research 
and flow control technology. Several Northrop Grumman research programs have advanced the 
technology readiness through design (MOLEC [1], LAVLET [2]), fabrication and testing for 
high-lift mobility configurations (IPLC [3,4]), and the advancement of laminar flow technology 
(HiLDA [5]).  

 
Figure 1-1. AHLLE program schedule. 

Our approach to the maturation of high-lift technology incorporates lessons learned from these 
previous programs into a building block plan that focuses on computational fluid dynamics 
(CFD) aerodynamic analysis, propulsion design to achieve the desired blown effectiveness, 
detailed model design to integrate the challenging design strategy, and ground testing for 
validation. Several new and innovative approaches were developed by Northrop Grumman to 
deal with the challenges faced by coupling high-lift technology compatible with laminar flow. 
This program included brief analytical investigations to identify and quickly assess these 
technologies best suited for reconciling high-lift and laminar-flow wing design. The program 
also identified two potential methods for achieving high lift with a wing in the absence of a 
leading-edge slat. 
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The program emphasis for AHLLE was wind tunnel investigation of downselected, laminar 
compatible, high-lift leading-edge concepts, summarized in figure 1-2. These configurations are 
discussed in greater detail in section 2 of this final report. The program examined a baseline 
laminar flow 2D airfoil section for reference and the trailing edge was then deflected 45 degrees. 
The trailing-edge slot located at 80% chord was then blown to achieve a reference configuration. 
The leading-edge configurations included blown slots at 1% and 10% chord, a morphed leading-
edge configuration, and a blown slot located at 12% chord with the leading edge morphed. 

 
Figure 1-2. Laminar compatible leading-edge concepts. 

To accomplish the program, the NGC team was identified with experience in high-lift conceptual 
design and flow control, aerodynamic analysis, structural and configuration design, wind tunnel 
analysis, model design, fabrication, and support. The AHLLE team organization is shown in 
figure 1-3. Predicted high-lift behavior from the NGC flow control toolbox as shown in figure 
1-4 anticipated 3D lift on a full-scale wing to achieve a section lift coefficient (Cl) 2.8 for the 
laminar airfoil virtual leading-edge technology (LAVLET) configuration. 
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Figure 1-3. Program and team organizational structure. 

 

 
Figure 1-4. Baseline airfoil and prediction of lift leading-edge configurations. 
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2. Conceptual Design 
During Task 1 of the program, several conceptual designs were investigated to achieve high lift 
and quickly focused on three primary deliverables. As shown in figure 2-1, they include (1) a 
drooped leading-edge design with two degrees of freedom and articulation at 15% chord, cruise 
airfoil deflection of 40%, a cruise airfoil extension of 12% chord, a tip deflection of 25 degrees 
and a tip extension at 8% chord; (2) a blown leading edge with spanwise slots located at 1% and 
10% chord; and (3) unsteady leading-edge blowing. The task included Northrop Grumman 
generalized compressible Navier Stokes (GCNS) solutions for the morphed leading-edge concept 
(with and without blowing at the shoulder), the steady blown leading-edge concept, and CFD++ 
examination of unsteady pulsation on the leading edge. All lift results were compared to a 
traditional leading-edge configuration (Krueger Flap). Figure 2-2 details the definitions used 
throughout the study. 

 
Figure 2-1. Leading-edge conceptual designs examined. 

 

 
Figure 2-2. Blowing coefficient definition. 
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2.1 Conceptual Design Configurations 
As part of Task 1, a conceptual design study was performed to analytically demonstrate high lift 
with steady blowing and pulsed blowing through CFD analysis. This activity included 
conceptual design of 10 configurations shown in figure 2-3. A brief first principles examination 
of steady and pulsed blowing concepts on structural design and configuration integration impacts 
was also performed during this phase of the program. The configuration drawings determined the 
maximum cavity sizes, location of structural spars, material thicknesses, and rough geometry 
considerations that would impact co-location of blowing and mechanization of the leading-edge 
concepts. Results for the ten configurations are shown in the table of figure 2-3 with predicted 
section lift and stall angle. 

 
Figure 2-3. Leading-edge configuration downselection matrix. 

 
Figure 2-4 shows the flow visualization result for the best location of leading-edge blown slots 
on the laminar baseline airfoil. The configuration has leading-edge slots at 1% and 10% chord 
and a trailing-edge slot at 80% chord over a blown simple flap that is deflected 45 degrees. In 
this configuration, the LAVLET configuration achieves a section lift cl = 4.1 and a stall angle of 
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approximately 6 degrees. The resultant lift curves for the blown slot configurations are shown in 
figure 2-5.  

 
Figure 2-4. Flow visualization of LAVLET configuration. 

 
Figure 2-5. Predicted lift curves for blown slot configuration. 

The next step in task 1 was to analyze through CFD and structural design the multiobjective 
leading-edge concepts (MOLEC) configurations shown in figure 2-6. This concept will also be 
referred to as the “morphed” leading edge. All the deployment strategies shown in figure 2-6 
were examined in CFD along with a blown slot at 12% chord, a blown slot at 15%, and with 
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suction at 15% chord. The resulting flow visualization graphics are represented in figure 2-7 
figure 2-11. 

 
Figure 2-6. Morphed leading-edge configurations studied. 
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Figure 2-7. Flow visualization for MOLEC configuration at 100% droop and alpha 

= 0 degrees. 

 
Figure 2-8. Flow visualization result for 100% droop case at alpha near stall. 
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Figure 2-9. Flow visualization for 75% droop case. 

 
Figure 2-10. Flow visualization result for 50% droop case. 
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In order to recover stall angle at the takeoff and landing condition and for increased stability 
during those flight regimes, CFD analysis was performed using a suction patch ahead of the 15% 
chord location to improve the stall behavior. The results confirmed that implementation of bleed 
at 15% chord improved section lift to cl = 4.5 and improved the stall angle to 12 degrees. This 
result is illustrated in figure 2-11. Although implementation of bleed was not realizable on this 
geometry, further configuration analysis led to the analysis and implementation of a blown slot at 
12% and 15% chord. Those results are shown in figure 2-12. 

 
Figure 2-11. Flow visualization results for shoulder suction. 
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Figure 2-12. Blown shoulder CFD results. 

The conceptual design task concluded with the determination of trailing-edge blowing on the 
fixed 45% simple flap. As expected, with increased momentum coefficient (Cµ) a higher section-
lift coefficient is reached on the MOLEC configurations. That result is summarized in figure 
2-13.  
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Figure 2-13. Trailing-edge blowing results on the MOLEC configuration. 

A summary of the conceptual design results for the MOLEC high-lift designs is reviewed in 
figure 2-14. The graph represents the section cl vs. alpha curve for increased levels of blowing on 
the trailing edge. The 12% chord blown slot result that achieves a predicted cl = 5.0 is also 
shown. The 50% drooped leading-edge strategy achieves the targeted lift prediction of cl = 4.0 
without induction of leading-edge instabilities on the lower outer mold line (OML) surface. For 
these reasons, the 50% droop case is chosen over the other MOLEC configurations for further 
analysis and potential implementation. A summary of all the conceptual design results is 
highlighted in figure 2-15. These concepts will be used in the downselection for the wind tunnel 
test addressed in the following section. 
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Figure 2-14. Summary of MOLEC conceptual design results. 

 
Figure 2-15. Summary of conceptual design study. 
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3. Model Downselect 
During this Task 2 effort, the results of the conceptual design task were used to determine the 
best suited candidates for wind tunnel design, fabrication, and testing. 

3.1.Configuration Analysis 
Configuration selection was based on a quality function deployment (QFD) ranking of the 
available high-lift configurations identified in Task 1. The preferred concepts were selected as 
the candidates for further aerodynamic analysis and wind tunnel testing. The LAVLET was 
chosen as the optimal high-lift configuration for ground testing along with MOLEC and blown 
MOLEC. This decision to test two configurations is explained further in the sections below.  

3.2.QFD Down Selection 
Configuration selection for wind tunnel testing was based on a QFD ranking of the AHLLE 
conceptual designs. Based on the QFD criteria and relative weightings considered, combined 
with the technology scoring conducted, the two recommended AHLLE concepts were: 

– LAVLET (with steady blowing) 
– MOLEC: 50% deployed (with and without steady blowing located at the 12% 

chord location)  
The team arrived at these test concepts based on a five-step process enumerated below and 
detailed in figure 3-1. 
QFD was performed as a five-step process: 

1. Develop performance and system integration criteria based on program goals 
2. Develop relative weighting of these criteria based on requirements with input 

from subject matter experts (SMEs) 
3. Develop AHLLE concepts to be considered 

4. SMEs score the AHLLE concepts against each of these criteria 
5. Rank the concepts based on their overall technology score 

 
Figure 3-1. QFD analysis process. 
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Ten assessment criteria categories were identified and ranked. Laminar flow compatibility and 
lift performance have been deemed the most important parameters, followed by power/bleed 
requirement. In figure 3-2, error bars show ± one average deviation based on team inputs. 

 
Figure 3-2. Relative rankings and weighting assessment factors for QFD 

 
A list of the candidate leading-edge technologies is shown in figure 3-3. The candidates include 
MOLEC, LAVLET, MOLEC with blowing, MOLEC with suction, LAVLET with unsteady 
pulsation, and a Krueger flap. As shown in the results of figure 3-4, LAVLET concepts emerge 
as the clear winners in terms of technology score. Added complexity, weight, etc., of the 
unsteady LAVLET concept brings it down relative to the steady concept. MOLEC with shoulder 
blowing produces the next highest technology score. Tabular results from all the rankings are 
assembled in figure 3-4 to figure 3-14.  
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Figure 3-3. Candidate high-lift leading-edge technologies. 

 

AHLLE Technology List
Technology# Description Designation

N-AERO-01 Multi-Objective Leading Edge 
Concept (MOLEC) 50% Deployed MOLEC

N-AERO-02
Laminar Virtual Leading Edge 
Technology (LAVLET) with Steady 
Blowing

LAVLET

N-AERO-03
MOLEC 50% Deployed with 
Leading Edge Shoulder Steady 
Blowing

MOLEC + Blowing

N-AERO-04 MOLEC 50% Deployed with 
Shoulder Suction MOLEC + Suction

N-AERO-05 LAVLET + Unsteady Blowing LAVLET Unsteady
N-AERO-06 Conventional Krueger Flap Krueger
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Figure 3-4. Results of the QFD analysis. 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
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Figure 3-5. Laminar flow compatibility scores. 

Laminar Flow Compatibility

1 Poor Likely to cause transition at 
leading edge

3 Moderate
Likely to cause transition 

>10% chord on both 
surfaces

5 Medium
Likely to cause transition 

>10% chord on upper 
surface

7 Significant
Likely to cause transition 

>50% chord on upper 
surface

9 High
Likely to support laminar 

flow to trailing edge control 
surfaces
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Figure 3-6. Representative lift performance for technologies. 
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Figure 3-7. Power requirement QFD scoring. 

Power Requirement

1 High
>+10% power or bleed 
requirement relative to 

traditional high-lift system

3 Significant
>+5% power or bleed 

requirement relative to 
traditional high-lift system

5 Medium
Power or bleed requirement 

comparable to traditional 
high-lift system

7 Moderate
<-5% power or bleed 

requirement relative to 
traditional high-lift system

9 Low
<-10% power or bleed 
requirement relative to 

traditional high-lift system
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Figure 3-8. Relative QFD scores due to weight. 
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Figure 3-9. Relative weightings due to noise. 

Noise

1 High +6 dB relative to traditional 
high-lift device

3 Significant +3 dB relative to traditional 
high-lift device

5 Medium Noise comparable to 
traditional high-lift device

7 Moderate -3 dB relative to traditional 
high-lift device

9 Low -6 dB relative to traditional 
high-lift device
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Figure 3-10. Relative weightings due to reliability. 

Reliability

1 Low <-10% MTBF* relative to 
traditional high-lift device

3 Moderate <-5% MTBF relative to 
traditional high-lift device

5 Medium MTBF comparable to 
traditional high-lift device

7 Significant >+5% MTBF relative to 
traditional high-lift device

9 High >+10% MTBF relative to 
traditional high-lift device
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Figure 3-11. Relative weightings due to maintainability. 

 

Maintainability

1 High >+10% MTTR* relative to 
traditional high-lift device

3 Significant >+5% MTTR relative to 
traditional high-lift device

5 Medium MTTR comparable to 
traditional high-lift device

7 Moderate <-5% MTTR relative to 
traditional high-lift device

9 Low <-10% MTTR relative to 
traditional high-lift device
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Figure 3-12. Relative weightings due to complexity. 

 

Complexity

1 High >+25% part count relative to 
traditional high-lift system*

3 Significant >+10% part count relative to 
traditional high-lift system

5 Medium Part count comparable to 
traditional high-lift system

7 Moderate <-10% part count relative to 
traditional high-lift system

9 Low <-25% part count relative to 
traditional high-lift system
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Figure 3-13. Technology readiness level (TRL) assessment. 
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Figure 3-14. Affordability QFD assessment. 

In summary, the affordability, maintainability, reliability, weight and noise were similarly 
weighted in this study. The stand-out technologies for wind tunnel testing were ranked as blown 
MOLEC, LAVLET and MOLEC without blowing. The test planning and coordination to bring 
these configurations to ground test are discussed in the following section. 
 

4. Wind Tunnel Test Plan 
4.1 Introduction 
 
The wind tunnel test plan Task 3 is a culmination of several test planning and coordination 
activities. This section will provide a description of the wind tunnel test facility, the conceptual 
design considerations and the logistics involved with the test article design, fabrication, 
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instrumentation, and assembly. A description is provided of the desired model configurations, 
the anticipated test conditions and the resulting detailed test matrix. 

 
4.2 Test Guidelines 
The overall success of this program could be attributed to a talented, hard-working team and 
frequent review of action items. The schedule was closely followed, as shown in figure 1-1, to 
achieve a successful wind tunnel test starting in January 2012. The only significant delay was at 
the start of the test due to an anomaly in the high-pressure flow delivery system. Eventually the 
problem was identified and corrected, but it caused a three-week delay in testing. Fortunately, 
the facility extended the test by three full weeks and all test objectives (including all priority 1 
and 2 runs) were met. Preliminary design considerations for the wind tunnel test portion of the 
program were coordinated with our NASA Langley point of contact and our test and evaluation 
(T&E) personnel. The following definitions have been outlined as guidelines for the test: 

1. Test article will be an infinite swept 2D model, mounted vertically in the 7×10 ft 
LSWT, similar in concept to the HiLDA model (2003) 

2. The design approach is to use a common “center body” (machined from aluminum) 
with interchangeable leading edges (stereolithography) 

3. Guidelines for the test matrix will entail: 
- Buildup: Baseline AHLLE with no flap deflection and no blowing 
- Buildup: Baseline AHLLE with 45° trailing-edge (TE) flap, no blowing 
- Reference Configuration: Baseline AHLLE with blown 45° TE flap 
- AHLLE Concept 1 with blown 45° TE flap 
- AHLLE Concept 2 with blown 45° TE flap 
- Angle of Attack for all configurations, approx. –5 deg to +20 Deg 

4. Test conditions 
- Nominal dynamic pressure: 30 psf (maximum 60 psf)  
- Angle of attack (yaw table) range: –5° to 20° 
- Nozzle pressure ratio (NPR) range: Off to 2.0 
- Maximum total Cµ: 0.39 (0.13 per slot) 
- Expected clmax: 4.5 

5. Preliminary Instrumentation will follow the approach of: 
- Two-three rows of static pressure taps installed in test article, to compute lift 

force and possibly pitching moment 
- Mass flow meter, external to test article, to measure airflow supplied to the 

test article 
Based on CFD for leading-edge and trailing-edge blowing, the model will require 1.8 pps for the 
3 slot configuration. Figure 4-1 details the ground rules and assumptions for the wind tunnel test. 
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Figure 4-1. Design considerations. 

 
4.3 Wind Tunnel Facility 
The Low-Speed Wind Tunnel (LSWT) test facility at Northrop Grumman is located in 
Hawthorne, CA. The tunnel is 7×10×20 ft in size with a closed loop recirculating return. Tunnel 
capabilities and photos are highlighted in figure 4-2. 
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Figure 4-2 Northrop Grumman LSWT. 

 
Figure 4-3. Model configurations identified for the test. 
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A majority of Task 3 was dedicated to test planning and coordination of the model design with 
the T&E personnel. Additionally, a preliminary test matrix was defined in order to specify test 
requirements/objectives and to define the anticipated model performance in the wind tunnel. The 
ground rules for the test are detailed below: 

• Nominal dynamic pressure: 30 psf (maximum 60 psf)  
• Angle of attack (yaw table) range: –5° to 20° 

• NPR range: Off to 2.0 

• Maximum total Cµ: 0.39 (0.13 per slot) 

• Expected clmax: 4.5 
The summary of test configurations is detailed below:  

• Baseline AHLLE with 0° TE flap, no blowing 

• Baseline AHLLE with 45° TE flap, no blowing 
• Baseline AHLLE with blown 45° TE flap 

• Blown LAVLET with blown 45° TE flap 
• MOLEC with blown 45° TE flap  

• Blown MOLEC with blown 45° TE flap 
The detailed test matrix included 155 runs originally planned over 5–7 days. During the planned 
model build-up time, a system shakedown, instrumentation leak checks, and pressurize/leak 
check plenums, etc., were established. The test matrix also included a zero-degree TE flap 
(baseline configuration) so stagnation point is on the nose of the airfoil.  
For each configuration listed in the test matrix, a series of alpha sweeps at fixed NPR, the effect 
of dynamic pressure on alpha sweeps, and data repeatability was addressed. For blown 
configurations, the test matrix included choke plate calibration, survey blowing slots with a 
handheld total pressure probe, NPR sweeps at fixed alpha, and checks for hysteresis  
 

5. Aerodynamic Analysis 
The Northrop Grumman Hawthorne LSWT was used for the ground test portion of the program. 
The Aerodynamic Analysis and Pretest Prediction (Task 4) was performed to address several 
items imperative to the model design process. Task 4 was completed in parallel with Task 5, 
Wind Tunnel Model Design, as the two processes were intertwined. The Aero-Analysis Task 
included the following subtasks:  

• Validation of model sizing (2D and 3D) 

• Placement of static pressure taps 
• CFD pretest predictions (3D) 

• Wall corrections 
– Trip dot sizing 
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The first objective was to validate the AHLLE model size through CFD analysis prior to model 
fabrication. Specifically, 2D and 3D CFD was performed to assess and examine possible wall 
effects, blockage, and blown jet interactions. 
5.1.Validation of Model Sizing 
Our approach was to use two types of aero analysis. First, a 2D CFD was used to generate “free 
air” CP distributions and aero coefficients. Next, a 3D CFD analysis was performed to generate 
“installed” CP distributions and aero coefficients. Finally, a comparison of “installed” results to 
“free air” results determined adverse effects due to the presence of the wind tunnel walls. For 
this task, the starting CFD geometry was the LAVLET configuration with a 45° TE flap. A 3D 
model is an 84-inch extrusion of a 2D section cut. The grid of the test section, shown in figure 
5-1, is of the Northrop Grumman 7×10 ft LSWT test section. Reference parameters used are: 
Sref = 17.5 ft2; c = 30 in; b = 84 in; and Tt = 518.7°R. 

 
Figure 5-1. Wind tunnel model grid. 
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Figure 5-2. Model sizing results of 3D CFD. 
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Figure 5-3. Validation of model sizing from 3D analysis. 
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Figure 5-4. Comparison of 2D and 3D predicted lift results. 
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Figure 5-5. Predicted effects wall effects on CP distributions. 

 
For the model sizing aerodynamic analysis effort, there were several conclusions based on the 
3D installed CFD. First, the blown jets do not appear to impinge on the wind tunnel walls. In 
general, all the model blockage effects can be accounted for by correcting the wind tunnel flow 
conditions (q, alpha, etc.) during the test. As shown in figure 5-5, wall interference effects in the 
planned measurement regions appear (between b/3 and b/2) to be negligible. The negligible wall 
effects allow us to plan static pressure tap placement based on the predicted CFD CP 
distributions for baseline, LAVLET, and MOLEC configurations. Additionally, based on 
comparison of 3D installed to 2D Free Air CFD, no obvious installation effects are present in the 
CP distribution comparisons. The section lift coefficient values are of similar magnitude and 
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slope. This provides confidence that measurement taps located at any of the 1/3, 1/2 or 2/3 span 
locations will provide favorable comparisons during the measurement of CP. 

 
5.2.Static Tap Placement 
Static pressure taps were used to compute lift and pitching moment coefficients during wind 
tunnel testing. The static taps were distributed on OML with the objective of minimizing errors 
in the computed section lift coefficient compared to 3D CFD predictions. Static tap 
configurations were designed with a single dense row at b/2 for force/moment computations and 
a sparse row of taps at ~b/3 and ~2b/3 for spanwise uniformity checks. The total number of 
installed static pressure taps is 65. Due to the limited quantity of taps the anticipated error in 
integrated forces/moments was estimated to be errors in Cl < ~3.5% and Cm < ~8.5% (based on 
limited CFD data). 

 

 
Figure 5-6. Static tap placement on model. 
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5.3. Pretest CFD Predictions 

 
Figure 5-7. Pretest CFD predictions. 

Figure 5-7 provides the result of the pretest CFD predictions of the installed 3D model in the 
wind tunnel. The analysis examined the wind tunnel model OML as designed for the experiment. 
Based on the aero analysis of section 5.1, it was determined that no slot blowing would occur 
within 4 inches of the tunnel ceiling and floor. For the pretest predictions, the turbulence model 
was Menter’s SST k-omega. Initial conditions assumed nominal flow conditions in the wind 
tunnel with dynamic pressure of Q = 31 psf (assumes empty test section) and Mach number of 
0.145. The Reynolds number is 2.53x106. Pretest predictions were performed on the following 
run matrix: 
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To summarize the results in figure 5-7, CFD predictions are comparable to previous CFD results 
validating model sizing. There is no exact overlap in pretest prediction and model sizing 
validation CFD cases, however, general shapes and magnitudes of CP distributions are 
comparable. Nominal blowing conditions on LAVLET were predicted to result in a negative lift 
curve slope; however, a reduction in trailing-edge slot blowing was found to produce a favorable 
lift curve slope. Sensitivities to various slot NPRs and freestream dynamic pressures will be 
examined in detail during the wind tunnel test. CFD predictions (cl, cm, and CP) were taken to the 
wind tunnel and were available for comparisons to test data during the ground test. 
The aerodynamic analysis also showed that wall corrections due to solid blockage and streamline 
curvature will be applied to correct tunnel dynamic pressure, tunnel velocity, Reynolds number, 
section lift and pitching moment coefficients, and model angle of attack during the test. Wake 
blockage is negligible given the average predicted drag coefficient over the angle-of-attack range 
is zero. The actual wake in the test will be minimized due to the presence of blowing slots. 
5.4. Trip Dot Sizing 
A determination was made regarding the necessity and size/location of boundary layer transition 
dots for the test. An assessment of the upper and lower surfaces of all configurations (baseline, 
LAVLET, and MOLEC) was performed analytically using Northrop Grumman design methods. 
A review of test conditions determined the need and/or desirability for fixed transition. After 
reviewing the predicted pressure distributions and previous work to evaluate effectiveness of 
fixed transition on the wing w/ blown slots, the following determinations were made. First, it was 
decided to forego transition dots on all upper surfaces, allowing free transition for all blown and 
unblown configurations. The large NPR variations would make it difficult to identify a single 
location for fixed transition. The use of grit has previously shown to have no effect on test data 
for a comparable high-lift LSWT test. The natural transition location with blowing is expected to 
be less than 1 inch aft of the slot. The natural transition location without blowing is expected to 
be near the slot due to the aft-facing step created by the slot. The application of 0.0114 inch trip 
dots on the baseline/LAVLET lower surface, ~1.75 inch aft of the leading edge was deemed 
necessary from the predictions since the lower surface is susceptible to laminar flow, due to 
smooth, flat pressure distributions. A decision was also made to forego transition dots on the 
MOLEC lower surface since the effective leading-edge deflection will likely result in separated 
flow on the lower surface at test Re conditionsch. 
 

6. Wind Tunnel Model Design 
This section will describe the Task 5 Wind Tunnel Model Design and Drawings work. The 
model design task included the definition of all the design parameters in conjunction with the 
aero analysis work from Task 4. This section will detail the model configurations and design 
approach, the plenum layout, the high-pressure air system and hardware, the model 
instrumentation, the stress analysis, model fabrication, and model inspection criteria and 
tolerances. 
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6.1.Model Design Parameters 
From Northrop Grumman’s extensive experience as an aircraft manufacturer, our model design 
and fabrication expertise are internationally recognized as the leader in the industry. The 
processes detailed in the following sections ensured that the wind tunnel model would meet the 
cost, schedule and stringent aerodynamic performance requirements for the complex design. To 
start, the model sizing activity was performed hand in hand with the CFD analysis. The model 
requirements were specified below: 

• Model dimensions 
– Span is full height of tunnel (7 ft) minus ~1/8 inch gaps at floor/ceiling for 

clearance 

– Chord is 30 inches (baseline/LAVLET configurations with 0° TE flap) 
– Each blowing slots span 76 inches of model, with height of 0.041 inches (Sslot = 

3.1395 in2) 
• Design loads and attitude limits 

– Nominal dynamic pressure: 30 psf (maximum 60 psf)  
– Angle of attack (yaw table) range: –5° to 20° 

– Maximum NPR: 2.0 

– Maximum total Cµ: 0.39 (0.13 per slot) at Q = 30 psf and NPR = 2.0 

– Predicted clmax: 4.5 

• High-pressure (HP) air system 
– Maximum HP plenum pressure: 450 psi  

– Three control valves used to deliver HP air to each of three model plenums 
• Minimum Cv = 1.45 and Maximum Cv = 9.32 

– Maximum pressure in each model plenum = 150 psi  
Figure 6-1 provides our detailed design approach and an overview of the various model 
configurations for testing. 
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Figure 6-1. Wind tunnel model design approach. 

Figure 6-2 illustrates the first of the configurations designed. This is the all-aluminum center 
body design that allows for build-up of the leading-edge and trailing-edge components and was 
common to all configurations. The trailing-edge pieces were grown from Bluestone, a rapid 
prototyping material, and the leading-edge pieces were either aluminum (LAVLET) or Bluestone 
(MOLEC). Aluminum (fwd/mid) and steel (aft) choke plates were manufactured to deliver 
uniform flow to the slots. Flex lines attached through the floor of the wind tunnel to supply high-
pressure air to each of the individual plenum cavities for the three slots: 1% and 10% chord LE 
slots on LAVLET, 12% chord slot on MOLEC, and the common 80% TE slot on all 
configurations. 
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Figure 6-2. Aluminum center body design. 
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Figure 6-3. Baseline model configuration. 

The baseline configuration shown in figure 6-3 now reveals the leading-edge and trailing-edge 
pieces installed on the aluminum center body. Figure 6-4 pictorially shows the buildup of the 
models for the deflected trailing edge, the LAVLET, and the MOLEC designs. For all baseline 
runs, the slots are taped over, and then the tape is removed during blown runs. 
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Figure 6-4. LAVLET and MOLEC configurations. 

 
Figure 6-5 illustrates a sideview of the model with the plenum layouts. Each slot is pressurized 
by a dedicated continuous plenum. Supporting structure inside each plenum ensures that the 
model slot will remain contiguous under pressurization, but the supporting struts are sufficiently 
placed upstream of each slot so as to not distort the exit slot flow. The tunnel floor and ceiling 
are shown in each of the configurations. The entire model rotates on a turntable to achieve 
changes in alpha. 
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Figure 6-5. Plenum layout and sideview of model. 
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Figure 6-6. Instrumentation on the model OML. 

Figure 6-6 represents the OML instrumentation used for the wind tunnel test inch all 
configurations. Static pressure taps on the OML included 70 taps distributed along three rows. 
There were two sparse rows offset by 0.9 inches from the 1/3 and 2/3 chord locations (due to 
structural concerns) and a dense row on tap instrumentation at 1/2 chord. This instrumentation 
provided the integrated lift and pitch information. All instrumentation was fed to three 32-port, 
15 psid multiducers. Additionally, a handheld total pressure probe installed with a 50 psid 
transducer was used to check slot flow uniformity throughout the test. An existing boundary 
layer rake was used that consisted of 18 total pressure tubes and 3 static pressure tubes. This was 
secured to the OML of the model using double-sided tape and superglue.  
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Figure 6-7. Internal model instrumentation. 

Internal to the model was additional instrumentation that is highlighted in figure 6-7. Static taps 
were located in the slot plenums upstream of the choke plate and were used to monitor plenum 
pressures. This instrumentation required 500 psid transducers. Static taps were also located in the 
slot plenums, downstream of the choke plates. A total of six slot transducers capable of 
measuring 50 psid were used to measure total pressure of the slot jet. Static taps were also 
located at the slot exits at the 1/2 and 2/3 span locations to measure NPR. 
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Figure 6-8. Stress analysis report. 

A stress analysis report was completed prior to model installation. This ensured design load 
operation up to a maximum of Q = 60 psf in the tunnel. This stress analysis was based on the 
ground rule that the model would not be pressurized beyond an NPR = 2.0. All aero loading was 
determined based on CFD and analytical predictions. Resulting safety factors from the stress 
analysis far exceeded wind tunnel requirements. The signed report seal is shown in figure 6-8. 
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Figure 6-9. Model fabrication. 

Figure 6-9 and figure 6-10 show our model fabrication process of all the manufactured parts for 
the wind tunnel test. Figure 6-9 shows, from clockwise top left, a birds-eye view of the AHLLE 
components ready for assembly and final inspection, the lower surface of the machined center 
body, the trailing-edge surfaces using five pieces per configuration, the support hardware used to 
mount the model to the tunnel floor and ceiling, and the high-pressure supply lines leading to the 
center body. 
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Figure 6-10. Model fabrication pictures. 

Figure 6-10 shows photos of the LAVLET upper and mid leading-edge components, the detail of 
LAVLET leading-edge static pressure tap hardlines protruding from the inner mold line (IML), 
the LAVLET lower leading-edge component, a detail of three choke plates, Bluestone MOLEC 
leading-edge droop components, and the aluminum MOLEC mid and upper leading-edge 
components. 
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Figure 6-11. Model inspection criteria and tolerance reports. 

Prior to installation of all hardware components and delivery to the wind tunnel, Northrop 
Grumman held a test readiness review and model inspection review in early January 2012. The 
model inspection, as shown in figure 6-11, included an upper and lower OML inspection using 
the FARO Arm (4 pts/inch). The specified OML tolerances were dictated at ±0.010 at the model 
leading edge and ±0.030 aft of the leading edge. The slot heights were inspected using feeler 
gauges with a specified tolerance of 0.041 ± 0.002 inches. The inspection reports were examined 
by the principal investigator and lead aero test engineer, and the model buy-off occurred on 
January 18. The model was then delivered to the wind tunnel on January 19, two days later than 
originally scheduled. 
 



 
 _______________________________________________  Aerospace Systems  

 

52 
AHLLE_Technical_Report SMA 9.28_JCLfinal2.docx 

7. Wind Tunnel Model Installation 
This section describes the installation of the inspected wind tunnel models and the high-pressure 
air system.  

 
7.1.High-Pressure Air System Installation 
Figure 7-7-1 describes the high-pressure air flow paths and installation of the high-pressure air 
components. Facility high-pressure air is delivered to and stored in a test-specific HP plenum. 
The flow branches from HP plenum to three supply arms, each with a control valve to vary slot 
NPR from Off to 2.0 (minimum control of 1.05). A safety valve is connected to each control 
valve to prevent over pressurization of the model. Downstream of each control valve is a choke, 
critical-flow venturi to meter the mass flow. Each venturi is connected to a flex line that in turn 
is connected to a model supply line (Bluestone, metallic). All supply lines reside beneath the 
tunnel floor. The model supply lines mount directly to each of the model plenums. Flow in each 
plenum passes through a choke plate to achieve uniform flow along the span of the slot. 

 
Figure 7-7-1. Installation of the high-pressure air system. 
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Figure 7-2. Model installation in the 7×10 tunnel. 

Model installation photos are shown in figure 7-2. The initial model installation occurred January 
19 through February 1, 2012. Photographs show the installation of the model in the wind tunnel, 
the complex instrumentation, the procedure for sealing the high-pressure plenums, the externally 
mounted pressure transducers, and the fully assembled model. 
During the course of installation of the model a failure occurred of the Bluestone supply lines. 
As shown in figure 7-3, the model assembly was removed for redesign of supply lines. No 
obvious defects were detected during installation and all safety factors indicated sufficient design 
margin. Because the cause of the failure remains unknown, an entirely new all-metallic solution 
was designed, fabricated, and reinstalled within two weeks of the failure. Figure 7-3 details the 
new high-pressure supply line installation. 
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Figure 7-3. Failure of high-pressure supply lines. 
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Figure 7-4. New metallic supply line installation. 

 
7.2.Wind Tunnel Test Plan Execution 
The wind tunnel test restarted on February 20, 2012 and concluded March 6, 2012. The duration 
of the test included baseline model test, deflected and blown trailing-edge flaps, and all high-lift 
configurations. Photos from the wind tunnel test and data collection are given in figure 7-5. 
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Figure 7-5. Execution of the wind tunnel test plan. 
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Figure 7-6. Model uninstall and test summary. 

The wind tunnel Task 5 concluded after a total of 135 valid data runs of all priority data 
collection. A total of 8 days of air-on testing occurred for a total of 27 days of occupancy 
including facility down days. Raw data were produced by the facility in the form of *.csv files. 
That data included freestream test conditions, model attitude, and static/total pressure readings 
from pressure transducers. HP air supply parameters were also collected (mass flow, 
temperatures, pressures). Post processing, which will be described in the next section, was 
performed using MATLAB to compute a myriad of internal flow parameters (Cµ, discharge 
coefficients, etc.). MATLAB code was also generated to integrate static pressure data to obtain 
section c and cm, correct model attitude and model solid blockage, correct aerodynamic data for 
streamline curvature, and plot raw and corrected wind tunnel data. 
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8. Data Analysis 
The baseline configuration for the AHLLE model is shown in figure 8-1. This baseline airfoil is 
the cruise configuration of the AHLLE laminar airfoil with leading-edge slots and trailing-edge 
slots sealed with aluminum tape. Shakedown of the model included a series of tests at wind 
tunnel condition Q = 30.0, the nominal operating condition, to determine the 0-degree alpha 
condition and stagnation point for the installed model. An additional series of runs calibrated the 
choke plate settings for the leading-edge slots. These runs included variations of Cµ and NPR.  
In order to assess the quality of the data, the first tests involved the calibration of blowing slots. 
This was performed through a pressure survey of the blowing slots and a check of spanwise 
uniformity using the handheld pressure probe. Additionally, checks for hysteresis and data 
repeatability were performed.  
 

 
Figure 8-1. Baseline AHLLE configuration. 
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Sample data are shown in figure 8-2 for aft choke plate calibration. These were used to verify the 
choke plate was choked and performing as expected. The discharge coefficient was expected to 
be between 0.6 and 0.8. These parameters were monitored throughout the test to detect any gross 
changes in plenum performance. This data calibration was performed for the forward choke plate 
in the LAVLET with blown 45° TE flap, the mid choke plate for LAVLET with blown 45° TE 
flap and MOLEC with blown 45° TE flap, and the aft choke plate in the baseline configuration 
with blown 45° TE flap. 

 
Figure 8-2. AHLLE choke plate calibration. 

 
Slot flow documented through use of a handheld total pressure probe inserted into the blown slot 
is shown in figure 8-3. The purpose of the handheld probe surveys was to validate our 
instrumentation assumptions by placing the total pressure probe in a slot at b/w and sweeping 
NPR. The handheld surveys were used to document slot flow uniformity by moving total probe 
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along the length of the slot at a fixed NPR. These surveys were performed at the forward, mid, 
and aft choke plates. 

 
Figure 8-3. Handheld probe surveys. 
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Figure 8-4. Slot survey data results. 

Figure 8-4 documents the slot survey results for the aft slot. The slot surveys at fixed NPR and 
during an NPR sweep show general uniformity.  
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Figure 8-5. Data quality results. 

During the test for spanwise uniformity, static pressure data were taken at the three rows of static 
taps. These are shown in the blue, black, and red data of figure 8-5. The data lie on top of each 
other except for the data taken at the very nose of the model. This stagnation point moved around 
very slightly during examination. Otherwise, results indicate good uniformity across the 
instrumented span of the model. 
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Figure 8-6. Data results for hysteresis sweeps. 

Wind tunnel runs were made to look for possible hysteresis in sweeping model angle of attack. 
The results are shown in figure 8-6 for the baseline configuration with blown 45° TE flap. 
Results indicate a possibility for hysteresis with alpha. To avoid any possible issues, the test was 
run in a consistent manner and all alpha set points were approached from one direction.  
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Figure 8-7. Data quality: Cµ hysteresis results. 

Wind tunnel runs were made to look for possible hysteresis in varying Cµ. During the test to 
assess data quality, the following procedure was performed. With NPR = 2.0, ramp Q from 0 to 
30 psf, then at Q = 30 psf, ramp NPR to Off (Cµ = inf -> design -> zero). Next, with Q = 30 psf, 
ramp NPR from Off to 2.0, then at NPR = 2.0, ramp Q to 0 psf (Cµ = zero -> design -> inf). 
This procedure was performed for the baseline configuration with blown 45° TE flap and showed 
no hysteresis effects. The test was also performed on LAVLET 10% slot with 1% slot fixed. This 
configuration showed slight hysteresis likely due to complex flow interactions. Results showed a 
slight variation in cl ~0.1. For the MOLEC 12% slot configuration no hysteresis appeared. Figure 
8-7 is a sample data set shown for the MOLEC 12% slot. 
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Figure 8-8. Data quality: data repeatability. 

Data repeatability was analyzed for consistency in data throughout the test. Figure 8-8 shows 
results of good data repeatability for all major configurations. They are: 

• Baseline/LAVLET with blown 45° TE flap 

• MOLEC with blown 45° TE flap 
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Figure 8-9. Effect of freestream dynamic pressure. 

The effect of freestream dynamic pressure on force and moment data is negligible. This is shown 
in figure 8-9. The remainder of the tests are conducted at a nominal Q = 30 psf. 
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Figure 8-10 shows the results on the baseline model with the flap deflected and that they are 
consistent with CFD pretest predictions.  

 
Figure 8-10. Effect of flap deflection. 
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Figure 8-11. CFD correlation with test data. 

Figure 8-11 compares wind tunnel test data, shown in black, with pretest CFD predictions and 
CFD conceptual design (Re = 22 M). All data trend similarly and predict alpha and section lift. 
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Figure 8-12. CP distribution comparison with CFD prediction. 

Figure 8-12 shows excellent correlation between wind tunnel test data shown in black and CFD 
for the baseline configuration with zero-degree TE flap. 
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Figure 8-13. Effect of flap blowing. 
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Figure 8-13 displays results for section lift versus angle of attack to show the effectiveness of TE 
flap blowing. In the curve on the left, NPR on the trailing edge is adjusted by increments of 0.05 
to achieve a nominal blown flap value. Increased blowing on the 45 TE flap improves clmax while 
significantly decreasing the stall angle of attack. This was predicted by our CFD during pretest 
aerodynamic analysis and the result is expected. A nominal NPR = 1.2 (Cµ = 0.035) was 
selected for use on the remainder of the test on both the LAVLET and MOLEC configurations. 
As this was a proof-of-concept experiment for leading-edge high-lift concepts, the trailing-edge 
blowing was not the emphasis of the study. Once a nominal NPR was achieved that maintained a 
positively sloped lift curve and a positive stall angle, that value was fixed. 
In figure 8-14, the results are shown for the effectiveness of single slot blowing at the 1% chord 
location on the LAVLET model. This study was performed to assess and fix the blowing 
coefficient (Cµ) on the leading-edge slot. Again, the TE slot NPR is fixed to 1.2. The 10% chord 
slot is off. The NPR for the 1% chord slot is varied every 0.05 from 1.0 to 2.0. The lift curves 
and pitching moment curves versus alpha are shown. As NPR is increased from the single slot, 
the lift curve increases, and the stall angle of attack improves commensurately.  
Figure 8-15 shows the results for both the 1% chord and the 10% chord slots varied equally in 
NPR in 0.05 increments from NPR = 1.0 to 1.9. (NPR of 2.0 was not achievable on the 10% 
chord slot.) The results of lift and moment versus alpha are shown in the figure. As equal NPRs 
are achieved on the forward slots, a section lift of cl = 4.6 is achieved. Stall becomes less delayed 
and is more benign with increased Cµ.  
The final LAVLET configuration test is shown in figure 8-16. These results are reported for 1% 
chord and 10% chord slots varied differentially in NPR. Cµ was incrementally adjusted from 
NPR = 1.0 to 1.9 on the second slot. NPR on the 1% chord slot was fixed at 1.4. This value was 
set based on the equal blowing results from figure 8-15. Figure 8-16 shows that differential 
blowing achieves a lift coefficient cl = 4.6 and improves the stall angle to nearly 10 degrees with 
a gradual stall.  



 
 _______________________________________________  Aerospace Systems  

 

72 
AHLLE_Technical_Report SMA 9.28_JCLfinal2.docx 

 
Figure 8-14. Effect of 1% chord slot blowing on LAVLET. 



 
 _______________________________________________  Aerospace Systems  

 

73 
AHLLE_Technical_Report SMA 9.28_JCLfinal2.docx 

 
Figure 8-15. Effect of equal slot blowing on forward slots. 
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Figure 8-16. Effect of differential blowing on forward slots. 
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Figure 8-17. Wind tunnel test data to CFD comparisons. 

Figure 8-17 examines wind tunnel test data, plotted in black, versus CFD predictions. The 
general shape of the curves is representative of the test data, although the magnitude of lift is 
underpredicted. Further analysis is recommended to investigate flow physics of the complex 
flow regions between the first and second slots.  
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Figure 8-18. CP comparison of wind tunnel data to CFD. 

Figure 8-18 also examines the correlation of wind tunnel data compared to CFD predictions. 
Good correlation exists between the data and the lower surface predictions. As was seen with the 
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lift and moment data, the integrated CP distributions require further analysis between the first and 
second slots. 

 
Figure 8-19. MOLEC configuration results. 

Figure 8-19 shows the results for slot blowing at 12% chord on the MOLEC configuration. The 
slot blowing is fixed at an NPR = 1.2 as was the case for LAVLET. NPR was varied on the 12% 
chord slot from 1.0 to 2.0. The section lift and section moment versus angle-of-attack curves are 
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shown. With shoulder blowing, MOLEC achieves a remarkable Cl = 5.0. Stall becomes 
significantly delayed with increased Cmu.  

 
Figure 8-20. Effect of q on MOLEC configuration. 

The final assessment was performed on the MOLEC configuration to examine the effect of q 
variation. In this test, the dynamic pressure, q, was varied from 10 psf to 60 psf while the NPR 
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on the 12% chord slot was fixed at 1.8 and the NPR on the TE slot was fixed at 1.2. An 
extraordinary high-lift value cl = 7.0 was achieved during the q sweep.  

 
Figure 8-21. Comparison of wind tunnel test data to CFD. 

In a final comparison, wind tunnel test data are assessed against CFD predictions for the 
MOLEC configuration. Figure 8-21 reports these comparisons. The wind tunnel data appear in 
black, the 3D pretest predictions are shown in red, and the conceptual design (Re = 22M) 
predictions are shown in green. The general shape of all curves is the same with an 
underprediction of cl values in all predicted cases. Further analysis is recommended to 
investigate flow physics of the complex slot flows, especially on the leading-edge slots.  
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Figure 8-22. CP distribution comparisons. 

The CP distributions were generated for wind tunnel test data versus CFD pretest predictions. 
These predictions show good correlation on the MOLEC model for the lower surface. The upper 
surface predictions for all angles of attack show significant differences in pressure magnitudes 
but consistent behavior in general shapes. This is definitely attributed to the complexity of the 
flows at that leading-edge slot.  
Figure 8-23 examines some additional data through the use of a boundary layer rake fixed to the 
OML of the MOLEC configuration. The rake was positioned at 13% and 55% chord to examine 



 
 _______________________________________________  Aerospace Systems  

 

81 
AHLLE_Technical_Report SMA 9.28_JCLfinal2.docx 

the separation and reattachment behavior in and above the boundary layer. A sample NPR sweep 
at 13% chord is shown for zero degrees alpha. These data show that it is feasible to measure 
boundary layer properties in future efforts and may provide better insight into flow physics of 
high-lift concepts. 

 
Figure 8-23. Boundary layer rake data. 
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Figure 8-24. High-lift results for all AHLLE configurations. 
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The final two data analysis plots show the high-lift comparisons all on a single plot. Figure 8-24 
reports the lift and moment vs. alpha curves for all the AHLLE configurations studied. Figure 
8-25 assesses all the AHLLE configurations regarding integrated CP distributions.  

 
Figure 8-25. CP distributions for all AHLLE configurations. 
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9. Summary 
The AHLLE program examined several high-lift leading-edge concepts that are compatible with 
laminar flow in the cruise configuration. The program examined a minimum of three 
configurations in a conceptual design process that included aerodynamic analysis (CFD) and 
structural design assessment. The configurations were assessed during a downselection process 
that included QFD analysis to determine two final candidates for wind tunnel testing. The QFD 
analysis included weighting factors such as high-lift capability, laminar flow compatibility, 
weight, structural design, complexity, acoustics, power, maintainability, and TRL level. The 
resulting candidates for ground testing were a blown leading-edge configuration that created a 
virtual slat through two leading-edge slots. A second configuration was a multiobjective leading-
edge configuration that included a spanwise slot at 12% chord. All models had a common blown 
flap deflected to 45 degrees. The summary results of the wind tunnel test compared to other 
traditional high-lift configurations are shown in figure 9-1. 
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Figure 9-1. Lift summary of AHLLE configurations. 

Traditionally, a conventional Krueger flap typically achieves a DcL = 1.5. On LAVLET a high-
lift increment of DcL = 3.1 was achieved over the baseline laminar airfoil configuration. The 
AHLLE MOLEC configuration achieved a DcL = 2.4 over the baseline airfoil. The blown 
MOLEC configuration achieved a DcL = 3.5. Compared to conventional unpowered high-lift 
configurations, these AHLLE concepts achieved a remarkable cL = 4.6 on LAVLET, cL = 4.0 on 
MOLEC, and cL = 5.3 on blown MOLEC.  
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In the Phase I Northrop Grumman N+3 study, an additional DCL = 0.65 equated to 
approximately 1000 ft in runway length. The target 2D section lift for this ground test was 
cl = 4.0. In this study, a section lift of 5.3 was achieved. 
In conclusion, all deliverables and review activities were successfully completed on schedule. 
The wind tunnel test was completed three weeks behind schedule due to a high-pressure supply 
line failure. However, the duration of the test and completion of the test fell within the originally 
scheduled two-month window. All model design, fabrication and delivery of the model to the 
wind tunnel tasks were completed on schedule. Two AHLLE configurations were successfully 
wind tunnel tested to TRL 4. Incremental lift of DCL = 3.5 or DCL = 3.1 were achieved on the 
two laminar compatible airfoil configurations (at cruise). Maximum lift was achieved in the 
MOLEC configuration with blown slot. 
As a result of this program approach, a successful demonstration of high-lift leading-edge 
technology was reached, and the target goals for improved lift were exceeded by 32.5% with a 
maximum section CL = 5.3. Our high-lift design yielded a massive 94% lift improvement over 
conventional high-lift configurations while allowing laminar flow capability on the cruise 
configuration.  
Our execution of the NASA AHLLE program statement of work has yielded some game 
changing results. Emerging high-lift technology, LAVLET and MOLEC concepts, were wind 
tunnel tested at the 7×1 ft LSWT at Northrop Grumman. During representative Mach and 
Reynolds number conditions for take-off and landing, both methodologies exceeded prediction 
of lift vs. alpha. High-lift Clmax = 4.8 was achieved using the LAVLET configuration and showed 
a 73% improvement over the baseline laminar airfoil configuration in the absence of slats. The 
MOLEC and blown MOLEC configurations also exceeded prediction for lift vs. alpha, stalling at 
12 degrees in the drooped configuration and 14 degrees in the blown and drooped configuration. 
The addition of a blown spanwise slot at the 12% chord location achieved a stall benefit and 
improved lift behavior by 32.5%. Unidirectional blowing has been proven for significant lift 
benefit on a laminar airfoil for high-lift applications. These data now establishe a baseline for 
further expansion of these high-lift concepts to swept wing laminar airfoils.  
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Figure 9-2. The AHLLE team. 
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