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Characterization of Slat Noise Radiation 
from a High-Lift Common Research Model 
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A test campaign was conducted in the open-jet test section of the NASA Langley 14- by 22-

Foot Subsonic Tunnel on a 10%-scale, semispan version of a High-Lift Common Research 

Model incorporating a leading-edge slat, trailing-edge flap and removable high-fidelity main 

landing gear. Computational simulations were used to support the model development, 

provide important information such as load distributions along the high-lift elements, and  

aid in the design of noise reduction devices.  Aerodynamic and far field acoustic 

measurements were obtained on baseline and acoustically treated model configurations 

using an ensemble of time-averaged and unsteady surface pressure sensors paired with a 

traversing 97-microphone phased array viewing the pressure side of the airframe.  A  

deconvolution method incorporating corrections for shear layer acoustic wave decorrelation 

was employed to determine the locations and strengths of relevant noise sources along the 

span of the slat and in the vicinity of the flap edges and landing gear.  The main goal of the 

test campaign was to use the surface pressure and array data to evaluate the effectiveness of 

various slat noise reduction concepts.  It was found that slat-gap fillers produced significant 

broadband noise reduction with minimal aerodynamic performance penalties for all Mach 

numbers and airfoil angles of attack that were investigated.  The test campaign clearly 

demonstrated the noise reduction benefits that can be obtained by applying appropriate 

treatments to leading-edge slats on commercial transport-class aircraft.  
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Nomenclature 
 

Cp =  coefficient of pressure 

f =  frequency, Hertz 

fm =  model scale frequency, Hertz 

CSM =  Cross Spectral Matrix 

CRM-HL =  High-Lift Common Research Model 

DAMAS =  Deconvolution Approach for the Mapping of Acoustic Sources 

FSS =  Full-Span Slat 

M =  Mach number 

MCF =  Mutual Coherence Function 

MLG =  Main Landing Gear 

PSD = Power Spectral Density 

PSS =  Part-Span Slat 

SCF =  Slat-Cove Filler 

SGF =  Slat-Gap Filler 

SPL =  Sound Pressure Level, dB 

WUSS = Wing Under Slat Surface 

x,y,z =  Cartesian coordinates 

α =  angle of attack, degrees 

η =  normalized spanwise distance 

Φ =  observer angle, degrees 

θe =  polar emission angle, degrees 

 

I. Introduction 

The NASA Aeronautics Research Mission Directorate Advanced Air Transport Technology Project includes as 

one of its baseline goals the understanding and mitigation of radiated noise from high-lift systems on commercial-

class transonic aircraft.  Slat noise has been identified as a prominent source of airframe noise during aircraft 

approach and landing, competing with noise generated by trailing-edge flaps and the aircraft undercarriage [1–8].  
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The reduction of slat noise requires a synergistic experimental 

assessment of the baseline noise generated by unmodified slat 

structures, coupled with high-fidelity numerical simulations of 

the flow-induced noise mechanisms on these structures.  An 

understanding of the noise generation mechanisms can then drive 

the development and deployment of practical and effective noise 

mitigation concepts.  Over the past two decades, a number of 

experimental and computational studies have been performed to 

understand and model the noise generated by leading-edge slats 

(for a generic geometry see Fig. 1) [9–13]. 

Previous measurements by Moriarty et al. [14] have shown 

the flow through the slat gap to be at a much higher speed than the freestream flow.  Moriarty also found the highest 

turbulent kinetic energy levels in the slat-gap region, where reattachment of the separated shear layer occurs.  These 

experimental findings have been confirmed via computational studies such as those presented for a two-dimensional 

high-lift 30P30N model at the 2014 Workshop on Benchmark Problems for Airframe Noise Computations (BANC-

III) [15].  The computational predictions and measurement data suggest the slat-gap flow to be a dominant source of 

radiated noise, and imply that modification of the flow through the gap could be an effective way of mitigating slat 

noise.  This was demonstrated by Zhang et al. where the incorporation of a gap filler was found to yield a 10 dB 

reduction in broadband slat noise in comparison with the baseline [16].  Recently, Yamamoto et al. have 

demonstrated a method of slat noise reduction by extending the slat chord near the trailing edge and by attaching a 

bump on the slat lower surface, resulting again in 10 dB reductions in broadband slat noise [17].   

The goal of the current study was to demonstrate slat noise reduction on a high-fidelity model of a commercial 

transport-class aircraft.  This was performed using an instrumented, 10%-scale, semispan High-Lift Common 

Research Model (CRM-HL) installed in the NASA Langley 14- by 22-Foot Subsonic Tunnel (14x22) in the Fall of 

2020.  An objective of the wind tunnel campaign was to characterize the nature of baseline and treated slat noise 

radiation via: (1) assessment of the general aerodynamic performance of the model, (2) identification of noise source 

regions on the model, (3) quantification of the noise source strengths, (4) measurement of radiated noise directivity, 

and (5) comparison of experimental data with computational simulations of the noise.  The aerodynamic 

 

Fig. 1  Generic leading-edge slat geometry 
(from Ref. 13). 
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performance of the model was assessed 

using a large ensemble of both time-

averaged and unsteady surface pressure 

sensors, with the acquired data compared 

with computational simulations.  The 

acoustic characterization was conducted 

using a traversing microphone phased 

array mounted along the sidewall of the 

tunnel test section viewing the pressure 

side of the model.  The array and associated traversing mechanism can be seen in Fig. 2 installed in the 14x22 

tunnel.  A modified version of the DAMAS beamforming and point spread function (PSF) deconvolution code 

incorporating corrections for shear layer decorrelation [18] was used to obtain noise contour presentations and 

directivity for acoustic sources present on the model.   

This experimental campaign began when NASA developed a multipurpose CRM-HL model intended for active 

flow control [19] and aeroacoustic testing. Computational simulations were used to support the model development, 

provide important information such as load distributions along the high-lift elements, and to aid in the design of 

noise reduction devices. Commercial CFD Powerflow1 software, version 5.5b, was used to make aeroacoustic 

predictions of the noise from the CRM-HL. Powerflow was used extensively during the design of the noise 

reduction technologies applied to a similarly-sized semispan Gulfstream aircraft model tested in the LaRC 14x22 

subsonic tunnel [20], and the noise predictions made before the experimental testing compared very well with the 

measurements. Therefore, a similar approach was used for the CRM-HL campaign.  Initial time-accurate simulations 

of the flow over the CRM-HL in the landing configuration were completed in 2017 [21], and the mean flow field 

was shown to be in reasonable agreement with the steady CFD results from the NASA codes. Simulations of both a 

full-span slat without the engine and a part-span slat with a nacelle/pylon were performed. Surface pressure 

fluctuations and synthetic microphone array beamform maps were used to identify potential noise sources. More 

refined simulations [22] were compared with experimental results from a 2018 risk-reduction test in the 14x22 

 
1 Specific vendor and manufacturer names are explicitly mentioned only to accurately describe the test hardware.  The use of 
vendor and manufacturer names does not imply an endorsement by the U.S. Government nor does it imply that the specified 
equipment is the best available. 

 

Fig. 2  Phased array viewing pressure side of CRM-HL, 
looking downstream in the 14x22 tunnel [Source: NASA]. 
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where aerodynamic and acoustic measurements of the baseline model were acquired in a closed, hard-wall test 

section.  Good agreement was obtained for the time-averaged surface pressures, and the acoustic predictions 

captured the same trends as the microphone array data measured in the closed test section.  Subsequently, full-scale, 

realistic structural designs were developed for noise reduction devices, and the devices then applied to the 10%-scale 

model. The aerodynamic and aeroacoustic performance was evaluated using unsteady simulations, which also 

provided detailed load information and guidance on how sensitive the performance was on particular facets of the 

geometry. This process was iterated until designs were obtained with good structural, aerodynamic, and aeroacoustic 

performance. The 2020 14x22 test was used to experimentally investigate in an open-jet tunnel configuration the 

most promising designs, in particular that of a slat-gap filler (SGF) [23, 24]. Based on the confidence in the 

simulations from the 2018 risk reduction study, only minimal static pressure ports were included on the low-noise 

slats built for the 2020 test. Hence, simulation data will be shown here to augment the experimental data and fill-in 

gaps between the measured points.  

This paper presents a detailed characterization of the general aerodynamic performance of the model along with 

measurements of noise radiated by the leading-edge slat for both baseline and noise-treated configurations as 

obtained during the 2020 14x22 test campaign.  Results include aerodynamic lift and pressure coefficient 

distributions, integrated spectra of noise source regions, and the effects of Mach number, angle of attack, and 

acoustic source directivity on acoustic radiation.  The organization of the paper starts with Section II providing a 

detailed description of the test campaign.  This is followed by Section III describing the computations that were 

conducted.  Section IV discusses briefly the aerodynamic measurements that were obtained followed by an in-depth 

discussion of the aeroacoustic measurements.  Finally, Section V presents an overall summary of the findings from 

the study. 

 

II. Test Description 
 
A. Open-Jet Wind Tunnel 

The 14x22 tunnel (Fig. 3) is an atmospheric, closed-return tunnel that has the capability to test a variety of 

fixed- and rotary-wing aircraft and test articles, both powered and un-powered.  The tunnel has a contraction area 

ratio of 9:1. Using a 12,000 horsepower drive system, the tunnel can generate airflows up to Mach 0.3, 

corresponding to a maximum unit Reynolds number of 7.2 x 106 per meter (2.2 x 106 per foot).  The test section has 
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dimensions of 4.4-meters (14.5-feet) high by 6.6-meters 

(21.75-feet) wide by 15.3-meters (50-feet) long and was 

configured for partial open-jet (floor in place) operation for 

the present study.  For acoustic testing, the floor of the test 

section was lowered approximately 0.6 meters (2 feet) to 

permit the installation of rigid steel frame baskets 

containing sound-absorbing acoustic foam wedges topped 

with foam sheets and perforated metal panels.  The 

perforated panels were covered by an adhesive felt layer to 

reduce floor scrubbing noise (Fig. 2).  Additionally, foam sheets were applied to the floors outside of the test 

section.  A combination of acoustic foam wedges and perforated panels were attached to the raised ceiling and outer 

sidewalls of the test section.  When combined with the floor baskets, these treatments created an effective semi-

anechoic environment in the open-jet test section that minimized unwanted acoustic reflections.  Key dimensions of 

the open-jet test environment, referenced to the coordinate system shown in Fig. 2, are given in Table 1. 

A detailed series of empty-tunnel noise measurements were conducted at the conclusion of the CRM-HL test 

campaign to characterize the background noise levels in the facility as a function of Mach number and array 

location.  A typical ensemble of background noise 

spectra for the center array microphone at the 90-degree 

array station (i.e., the flyover location) as a function of 

tunnel freestream Mach number is shown in Fig. 4.  

Based on these background levels, the tunnel noise floor 

for the majority of the spectra shown subsequently in 

this paper was deemed acceptable.  Additional details 

regarding the background noise characterizations and 

the noise reduction treatments applied to the tunnel are 

described by Hutcheson et al. [25]. 

 

 

 

Fig. 3  Aerial view of the 14x22 tunnel 
[Source: NASA]. 

Fig. 4  Tunnel Background Spectra. 
Array Microphone #1, ϕ = 90˚. 
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Table 1   Key Dimensions of Open-jet Test Section Environment Shown in Fig. 2 

 
B. Common Research Model 
 
1. Baseline Model 

The baseline model tested for this study was a 10%-scale version of the CRM-HL developed by Lacy and 

Sclafani [26] with a 2.9-meter (9.7-foot) semispan and a 0.7-meter (2.3-foot) mean aerodynamic chord.  The model 

represented an open geometry and consisted of a supercritical transonic wing with a fuselage representative of a 

widebody commercial transport vehicle.  The full model was comprised of a fuselage, wing, inboard and outboard 

trailing-edge flaps, inboard and outboard leading-edge slats, a pylon and flow-through nacelle, and a high-fidelity 

main landing gear.  Two slat configurations were available for testing: (1) a full-span slat (FSS, Fig. 5) where the 

pylon and nacelle were removed and replaced with a bridge section, and (2) a part-span slat (PSS, Fig. 6) where the 

pylon and nacelle were in place.  For the approach and landing configuration tested here, the flap deflections were 

set to 37 degrees and the slat deflections were set to 30 degrees.  The model geometry included fifteen slat brackets, 

Direction Description Distance (meters) Distance (feet) 
x Nozzle exit plane to origin 5.97 19.58 

x Nozzle exit plane to collector 14.48 47.50 

y Origin to upper shear layer centerline 4.42 14.50 

y Origin to ceiling wedge tips 6.78 22.25 

z Side shear layer centerline to origin 3.35 11.00 

z Array face to origin 5.17 16.96 

z Array sidewall to origin 6.71 22.00 

z Origin to far sidewall 14.63 48.00 

 
Fig. 5  CRM-HL FSS 

configuration [Source: NASA]. 

 
Fig. 6  CRM-HL PSS 

configuration [Source: NASA]. 
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three flap brackets, and flap track fairings.  The slat brackets employed in this investigation were more realistic (in 

terms of curvature and the location that they emanate from the main element) than those previously tested [24].  The 

model was heavily instrumented with static pressure taps distributed on the main element, flap and slat, and a 

number of unsteady pressure transducers situated along the span of the baseline slat and main-element leading edge 

(Fig. 7).  The symbols in Fig. 7 represent the static pressure port locations on the model, and computational planar 

cuts are indicated by the lines on the wing. The cuts were made with the flaps and slats in the stowed position, so a 

single plane does not cut through all ports when those elements are deployed. The parameter η is the distance in the 

spanwise direction normalized by the total semispan length.  The flap break occurs at η = 0.37, and the outboard flap 

extends to η = 0.72.  More detailed descriptions of the model construction and instrumentation can be found in 

Refs. [27, 28].  CAD (computer aided design) files of the baseline model can be found in Ref. [29]. 

2. Noise Treatments 

Two slat noise reduction concepts were tested for this study: (1) a slat-gap filler (SGF), and (2) a slat-cove filler 

(SCF) [23, 24, 30, 31].  These are shown conceptually in Fig. 8.  The SGF employs an overleaf concept and sustains 

the local aerodynamic loading when deployed.  In contrast, the SCF guides the flow through the slat gap, thereby 

maintaining baseline high-lift performance while reducing flow unsteadiness and associated noise.  The 

development of these noise reduction 

devices is part of a larger effort within 

NASA to enable practical applications of 

reconfigurable aerospace vehicles through 

the use of shape-memory-alloy (SMA) 

materials. Many studies [16] have found an 

acoustic benefit to closing the gap between 

the slat and main element; however, doing 

so significantly reduces the angle at which 

the aircraft will stall. The stall conditions 

are used to define aircraft operating 

parameters such as the landing speed, so 

negatively impacting stall is not acceptable.  

 

Fig. 7  Static pressure port locations and planar wing cuts 
used for computational runs. The flap break is at η = 0.37, 

and the outboard flap extends to η = 0.72. 
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However, through the use of SMAs, a thin reconfigurable element has been developed [23, 24] that will close the 

gap under normal operating conditions but rapidly open the gap when the angle of attack exceeds the expected 

landing angle by a sufficient margin. Although the noise would be higher when the plane lands with the gap open, 

this would only occur on the rare occasion when a high angle of attack is encountered. The SGF applied to the 

CRM-HL was produced with dynamically-scaled thicknesses of nickel-titanium SMA materials and was made to 

allow the slat to articulate, although such movement was not possible on the wind-tunnel model for this study. 

Separate structural tests were used to evaluate the behavior of the parts during slat deployment and retraction. Other 

noise reduction devices were evaluated in the 2018 test described in Section I, and they were also designed to be 

structurally feasible to implement at full scale and dynamically-scaled for the CRM-HL. 

Note that only data obtained 

using the SGF concept are presented 

here, with a photo of the installed 

SGF hardware shown in Fig. 9.  

Baseline FSS and PSS configurations 

with and without a SGF and main 

landing gear (MLG) were tested as 

part of the wind tunnel campaign.  A 

subset of these is presented in this 

paper and summarized in Table 2.   

 
 

Fig. 8  Schematics of the (a) SGF and (b) SCF concepts (from Ref. 24 – NASA). 

 

Fig. 9  View of the SGF installed on the model [Source: NASA]. 
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Table 2   Model Configurations Presented in Paper 

 
C. Phased Array 

The phased array incorporated 97 Brüel and Kjær (B&K) Model 4938 6.35-mm (1/4-inch) pressure-field 

microphones attached to Model 2670 6.35-mm (1/4-inch) preamplifiers powered by B&K NEXUS® 2690 four-

channel conditioning supplies.  Microphone signals were transmitted to the data acquisition system in the tunnel 

control room via LEMO microphone cables. The microphones were flush mounted (gap free) in a flat fiberglass 

honeycomb plate with total diameter of 2.45 meters (8.05 feet).  The array was designed for an operational 

frequency range of approximately 1.5 kHz to 80 kHz.  This was achieved by using an irregular circular pattern of 

microphones comprised of 16 array arms with 6 microphones in each arm (Fig. 10).  One microphone was 

positioned in the center of the array.  The maximum array aperture size (outermost microphone to outermost 

microphone) was 2 meters (6.55 feet), yielding a solid collecting angle of 21.1 degrees at a working distance of 5.2 

meters (17 feet) from the array face to the center of the test section [32].  The array was attached to a rigid aluminum 

mounting frame that was in turn mounted to two parallel 13.4-meter (44–foot) linear traversing rails on the “south” 

side of the test section (see Fig. 2).  The linear 

rails permitted the array face to traverse the 

majority of the length of the test section.  

D. Data Acquisition 

A highly distributed data acquisition 

system using commercially available hardware 

was assembled for the phased array.  The data 

system had a total capacity of 128 channels and 

provided signal conditioning and digitization 

Configuration # Full-span Slat 
(FSS) 

Part-span Slat 
w/Nacelle (PSS) 

Slat-Gap Filler 
(SGF) 

Main Landing Gear 
(MLG) 

1 X    

2  X   

3 X  X  

4  X X  

5 X  X X 

6  X X X 

 

Fig. 10  14x22 traversing phased array geometry. 
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for both the phased array microphones and auxiliary channels (accelerometers, generated waveforms, and 

synchronization signals). Signal conditioning was provided by a Precision Filter 68000 system that provided 

programmable amplification and bandpass filtering.  A custom digitization system based on General Standards 24-

bit, 64-channel simultaneous sampling PCI cards was constructed and programmed by AVEC, Inc. for the test 

campaign.  A National Instruments LabVIEW®-based program was developed and used for command and control of 

all the hardware components of the data system as well as the linear traversing rails supporting the phased array.  

The nominal acquisition window length was 35 seconds with a simultaneous sampling rate of 196.608 kHz for all 

channels.  The microphone signals were bandpass filtered from 1 – 60 kHz. Acquired microphone and auxiliary 

channel time history data were stored as a series of ensemble raw binary data files coupled with metadata 

companion files.  These were subsequently converted into Hierarchical Data Format Version 5 (HDF5) files for 

long-term archiving [33].   

The static pressure ports on the model were sampled at 10 Hz over an 8-second sampling window using an 

electronically scanned pressure system, with the outputs of the sensors electronically multiplexed through a single 

instrumentation amplifier.  The pressure system provided automatic calibration of the static pressure ports using a 

common calibration pressure port.  The data for the unsteady pressure sensors on the model were acquired using a 

14x22 open architecture dynamic data acquisition system.  The simultaneous sampling rate for each unsteady 

pressure channel was 50 kHz using 24 bits over a 20-second sampling window. A maximum bandwidth of 20 kHz 

was achieved using bandpass filtering from 0.5 to 20 kHz. 

E. Data Reduction and Analysis 
 

1. Phased Array 

The reduction of data obtained from the array microphones consisted of several steps.  Only brief descriptions 

of the data reduction steps are presented here.  More detailed information can be obtained via the references in this 

section. 

1. For each test point, a Cross-Spectral Matrix (CSM) was generated in engineering units.  A subspace 

background subtraction technique implemented by Bahr et al. [34] and based on eigenvalue decomposition of 

background noise CSMs was used to remove tunnel circuit noise from the array spectral measurements.  An 

optimized CSM diagonal modification was also employed [35] to remove microphone self-noise from the 
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measurements, though this was found to have minimal influence on the results when used in conjunction with 

background subtraction. 

2. Detailed analysis of the array data was performed using conventional frequency-domain delay-and-sum 

beamforming.  This was coupled with the DAMAS deconvolution algorithm [36] for generation of final noise 

source map presentations. The DAMAS algorithm was modified by Bahr [18] to correct for randomization of 

the propagation path through the turbulence of the tunnel open-jet shear layer.  This randomization effect 

results in coherence loss between microphone pairs, reducing the spatial resolution of the array.  The 

correction incorporates a Mutual Coherence Function (MCF) into the DAMAS propagation model.  The MCF 

is measured using pseudo point sources (speakers) embedded at key locations on the pressure side of the 

CRM-HL wing, with the point source data acquired at similar tunnel conditions for model data runs.  A 

turbulence model is applied to correct for measurement grid locations away from the point sources.  The 

beamforming and iterative relaxation solver portions of DAMAS remain unchanged.  An error function-based 

array shading algorithm was employed to control the beamwidth of the array across the measured frequency 

range [37]. The modified DAMAS algorithm is referred to as MCF-DAMAS here. 

3. Figure 11 shows the spatial regions that were defined around the model in order to compute 1/12th-octave 

Sound Pressure Level (SPL) integrated spectra for this study.  Zone 1 (referred to as the wing region and 

shown in red in Fig. 11) represents 

integration of the entire wing region and is 

used diagnostically to compare test points 

where the effects of trailing-edge flap, 

nacelle, and/or landing gear noise are 

desired.  Zone 2 (referred to as the slat 

region and shown in blue in Fig. 11) 

represents integration of the leading-edge 

slat region in isolation and is used 

diagnostically to compare baseline and 

treated slat noise.  For each of these two 

zones, the spectral levels were obtained on 

 

Fig. 11  Source integration regions. 
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a narrowband basis (∆𝑓 = 96 Hz) by simple summing of the mean squared pressures generated by MCF-

DAMAS deconvolution over the region(s) of interest.  These were then converted to 1/12th-octave bands.  All 

spectral data presented are based on model-scale frequencies.  Pressure doubling due to flush mounting of the 

array microphones has been removed and ray path distance corrections for the various array observer 

locations are included.  It is noted that the wing and slat region integrated spectra for the CRM-HL are similar 

as almost all of the strong sources occur in the slat region.  

2. Pressure Sensors 

The electronically scanned static pressure data were post-processed using the 14x22 data system to obtain time-

averaged coefficients of pressure.  The unsteady pressure data were post-processed to obtain averaged power 

spectral densities (PSD) of the acquired time series using a periodogram method.  A Fast Fourier Transform block 

length of 5000 points was used with a total of 200 blocks averaged to form the PSDs..    

 
 

III. Computations 
 

As introduced in Section I, companion numerical simulations were performed using the commercial CFD 

software Powerflow, a compressible flow solver based originally on a three-dimensional 19 state (D3Q19) Lattice 

Boltzmann Model (LBM) [38 – 43].  Extensions of the scheme [44, 45] recover a fully compressible form of the 

unsteady Navier-Stokes equations.  Applications of this new version at transonic conditions were presented by 

Koenig et al. and Fares et al. [46, 47].  All the results presented here were obtained using the high-subsonic option of 

the baseline solver, which is valid up to Mach 0.9.  The solver has been extensively validated for a wide variety of 

applications over the past 30 years and uses a simpler and more general physics formulation at the mesoscopic level 

[43].  The Powerflow code can be used to solve the Lattice-Boltzmann equation in a DNS mode, where all turbulent 

scales are spatially and temporally resolved. However, for most engineering problems at high Reynolds numbers, 

only the largest scales containing most of the energy are directly resolved, and the small scales are modeled. The 

current work used the LBM Very Large Eddy Simulation (VLES) approach described in Ref. [42] with wall-

functions employed on viscous boundaries. A schematic of the computational domain is shown in Fig. 12, which 

shows the outer-rectangular box defining the full volume of the simulation. The lower half of the box was defined as 

a solid and represented an extended floor of the wind tunnel. The red portion indicated the actual test section of the 

14x22, and a no-slip boundary condition was prescribed on the model and this section of the floor, whereas the  
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Fig. 12  Computational Domain. 
 

remainder of the floor was inviscid. 

Nonreflecting inflow and outflow 

conditions were defined on the upper 

portion of the box. No attempt was made to 

model the actual test section of the tunnel 

as a previous study [49, 50] indicated that a 

small angle of attack correction could be 

used to match the tunnel conditions without 

the expense of modeling the details of the 

test section. The solver utilized embedded 

Cartesian meshes to solve the Lattice-

Boltzmann equation, and these regions were defined using primitive shapes, such as the spheres in Fig. 12, using 

complex shapes from CAD or extracted from flow features, such as was done to refine the grid around the slat-cove 

shear layer, or within a certain distance of geometry.  The grids were generated automatically within the flow solver 

using input specifications provided by the user.  A planar cut of the grid is shown in Fig. 13(a), which illustrates 

some of the embedded cartesian model. The close-up around the slat in Fig. 13(b) shows the grid concentration 

around small geometric features such as trailing edges and in regions of important flow features, such as the slat-

 
(a) Grid Near Model 

 
(b) Grid in Slat Cove 

Fig. 13  Computational Grids around the CRM-HL. 
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cove shear layer. The smallest spacing of 0.144 mm (0.00567 in, 0.02% of the MAC) was employed around the 

trailing edges resulting in a total voxel (cell) count of 1.3 billion for the PSS and 1.1 billion for the FSS. The grid 

sizes were based on a grid resolution study performed in Ref. [22]. The explicit time advancement scheme within 

Powerflow updated the solution in each cell only when needed, as determined on the basis of the cell size.   Only the 

smallest cells were updated every time step, which was 0.215 microsecond in the current simulations. The 

calculations were run for 0.55 seconds of physical time with data collection occurring over the last 0.4 seconds when 

the flow was deemed to be statistically stationary. The simulations were run in a fully turbulent mode at landing 

conditions (flaps and slats deployed) with a Mach number of 0.20, a Reynolds number (based on the mean 

aerodynamic chord of 0.7 m (27.58 in)) of 3.27x106, and an angle of attack of 8 degrees. The Reynolds number 

corresponded to the conditions for the 10% model as tested at Mach 0.2 in the 14x22 tunnel. Simulation results for 

4- and 12-degree angles of attack were found to be in good agreement with closed-wall experimental data in Ref. 

[22], and similar comparisons were obtained for the open-jet experiment. However, only results for the baseline 

landing angle of 8 degrees are presented here. Based on the results of the legacy Gulfstream model testing described 

in Section I, the pressure distributions from the free-air simulations were expected to match with uncorrected 

measurements, but at a slightly different angle of attack. Given that the simulations with a free-air configuration 

above the semispan model should match better with an aircraft in flight than a model in a confined tunnel, the 

computed Cp values were considered as the reference. The equivalent landing angles of attack of the 2018 closed-

test-section and 2020 open-jet measurements were obtained by matching their pressure distributions with the 

computations at 8 degrees.   

In this paper, time-averaged coefficients of pressure, Cp, on the upper and lower surfaces of the model wing 

were extracted from the simulation results for Configurations 1 through 4 in Table 2.  The high-subsonic extension 

of the LBM used in the simulations was well suited for generating the simulated Cp data for the CRM-HL 

configurations examined for this study [49, 50].  The reader is referred to Ref. [51] for additional details on the 

generation of the computed Cp data. 
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IV. Results and Discussion 

 
A. Aerodynamic Performance 

1. Lift Characteristics 

When modifying airframe structures to incorporate noise reduction concepts and treatments, an important 

assessment is validation that the treatments do not adversely affect the aerodynamic performance of the model.  

Thus, multiple measurements were conducted to ascertain that the installation of SGF components on the CRM-HL 

did not affect the lift characteristics of the model over the angle of attack range where the gap was expected to be 

closed.  The SGF was designed to quickly retract and open the gap when the angle-of-attack exceeds the landing 

angle by more than four degrees [24].  The results of these measurements can be seen in Fig. 14 where the 

coefficient of lift is depicted as a function of the angle of attack α extending from 0 degrees to 20 degrees 

(representing stall).  The data, uncorrected for tunnel confinement effects, were acquired at M = 0.18 with three 

baseline runs shown (representing Configuration 2, PSS).  Excellent repeatability of the lift data was demonstrated 

from these measurements.  The lift characteristics with the addition of the SGF to the model (Configuration 4) are 

depicted by the blue and magenta triangle symbols and lines in the figure.  There was virtually no difference in lift 

characteristics over α sweeps from 4 – 13 degrees between the baseline and treated model configurations where the 

flow through the slat gap was eliminated.  This 

verified the correct aerodynamic performance of the 

model.  

2. Time-averaged surface pressure distributions 

Comparisons of measured and computed surface 

pressures along the selected planar cuts of Fig. 7 are 

shown in Figs. 15 and 16 for the baseline FSS and 

PSS (Configurations 1 and 2), respectively.  The 

measured data are uncorrected for any wind tunnel 

confinement effects.  The most inboard cut at 

η = 0.151 is shown in panel (a) in each figure with the 

most outboard cut at η = 0.997 shown in panel (f).   

 

Fig. 14  Coefficient of lift versus  
angle of attack for baseline (Configuration 2) and 

treated (Configuration 4) CRM-HL.  M = 0.18. 
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(a) η = 0.151 

 

(b) η = 0.240 

 

(c) η = 0.329 

 

(d) η = 0.418 

 

(e) η = 0.552 

 

(f) η = 0.685 

 

(g) η = 0.819 

 

(h) η = 0.908 

 

(i) η = 0.997 

Fig. 15  Surface Cp distributions along cuts for the baseline FSS (Configuration 1). 

α = 8.5
o
 for experimental data and 8

o
 for simulations.  M = 0.2. 
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Fig. 16  Surface Cp distributions along cuts for the baseline PSS (Configuration 2). 

α = 8.5
o
 for experimental data and 8

o
 for simulations.  M = 0.2. 

 

(a) η = 0.151 

 

(b) η = 0.240 

 

(c) η = 0.329 

 

(d) η = 0.418 

 

(e) η = 0.552 

 

(f) η = 0.685 

 

(g) η = 0.819 

 

(h) η = 0.908 

 

(i) η = 0.997 
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To avoid overlapping lines across different elements of the high-lift configuration, the x locations of the slat have 

been shifted upstream by 0.03 m (1.18 in) and the flap downstream by 0.02 m (0.787 in).  In general, the agreement 

between experiment and computation is good at all spanwise stations, but the suction peak on the flap is 

underpredicted at several locations.  Some discrepancies in the details of the separated region on the flap were 

evident, in particular downstream of the pylon at η = 0.329 in Figs. 15 and 16. The pressure distribution in the 

separated region on the flap was sensitive to the grid resolution, and the refinement on the flap was stopped once the 

distributions on the other elements became relatively insensitive to the grid around the flap.  The free-air 

computations with the semispan model mounted on a viscous floor were run with a value of α = 8˚, which was the 

landing angle of attack prescribed in the original definition of the design [26]. The computed surface pressure 

distributions matched best with the uncorrected pressures from the 2018 closed-test-section measurements [22] at α 

= 7˚.  The angle of attack for this open-jet experimental study was varied to obtain the best agreement in the surface 

pressure distributions with the previous closed-test-section measurements, occurring at α = 8.5˚. 

Corresponding comparisons between measured and computed surface pressures when the SGF was added to the 

FSS and PSS (Configurations 3 and 4) are shown in Figs. 17 and 18.  Again, the agreement between experiment and 

computation was generally good at all spanwise stations with only minor discrepancies noted.  There was no 

significant degradation observed in the overall aerodynamic performance due to the addition of the SGF for these 

configurations, but some of the load on the main element was shifted onto the slat. 

3. Unsteady surface pressure distributions 

Fifty-four Kulite® unsteady pressure transducers were installed on the slat, slat brackets, and main-element 

leading-edge WUSS of the model to obtain spectral information. In general, the highest spectral levels were 

observed on the WUSS in the wake of the brackets, followed by those on the brackets themselves and then the slat. 

Selected power spectral density (PSD) spectra for sensors near the midspan of the outboard slat are shown in 

Fig. 19(a) with their locations depicted in Fig. 19(b). The streamwise location of the sensors on the pressure surface 

of the slat was as close to its trailing edge as structurally possible (because the slat is very thin near the trailing 

edge), but it was still upstream of where the slat-cove shear layer reattaches. Hence, the levels on the slat were not 

the highest on the element (according to the Powerflow simulations), whereas those on the WUSS and brackets were 

spatially close to where their maxima occur for all the sensors on those elements. WUSS sensor 1237 was where the  
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(a) η = 0.151 

 

(b) η = 0.240 

 

(c) η = 0.329 

 

(d) η = 0.418 

 

(e) η = 0.552 

 

(f) η = 0.685 

 

(g) η = 0.819 

 

(h) η = 0.908 

 

(i) η = 0.997 

Fig. 17  Surface Cp distributions along cuts for the FSS/SGF (Configuration 3). 

α = 8.5
o
 for experimental data and 8

o
 for simulations.  M = 0.2. 
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(b) η = 0.240 

 

(a) η = 0.151 

 

(c) η = 0.329 

 

(d) η = 0.418 

 

(e) η = 0.552 

 

(f) η = 0.685 

 

(g) η = 0.819 

 

(h) η = 0.908 

 

(i) η = 0.997 

Fig. 18  Surface Cp distributions along cuts for the PSS/SGF (Configuration 4). 

α = 8.5
o
 for experimental data and 8

o
 for simulations.  M = 0.2. 
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wake from the bracket most impacted the pressure side of the main wing leading edge.  This was manifested as a 

broad energy peak centered around 1 kHz for sensor 1237 in Fig. 19(a). 

Figure 20(a) shows spectral levels on the slat at several spanwise locations with the locations of the sensors 

depicted in Fig. 20(b). These probe locations are placed at the same chordwise location, centered between pairs of 

adjacent brackets. As such, they were positioned to emphasize the slat-cove dynamics and to gauge the large-scale  

 

(a) Spectra 

 

(b) Sensor locations 

Fig. 19  Unsteady pressure sensor spectra with high fluctuation levels on the slat, slat brackets,  

and main-element WUSS for the baseline FSS (Configuration 1).  M = 0.2, α = 8.5
o
 

 

(a) Spectra 

 

(b) Sensor locations 

Fig. 20  Unsteady pressure sensor spectra with the highest levels on the slat 

for the baseline FSS (Configuration 1).  M = 0.2, α = 8.5
o
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trend along the model span.  Figure 21(a) shows the spectra for points on the WUSS that were halfway between the 

slat brackets with the sensor locations depicted in Fig. 21(b).  The experimental spectrum for the most outboard 

point, 1217, exhibited multiple narrow-band peaks typical of low-Reynolds number testing [52]. Point 1216 also 

exhibited a dramatic rise in levels beyond 5 kHz, and there was a small hump at 4 kHz at point 1210.  

B. Acoustic Characterization 

Unless otherwise stated, results are shown for a model angle of attack of 8.5 degrees and a Reynolds number of 

2.6x106 based on the mean aerodynamic chord.  The microphone array was positioned at a number of streamwise 

observer locations with respect to the center of rotation of the model fuselage (the defined reference location on the 

model).  These array stations spanned 70 to 120 degrees in 10-degree increments with an additional station at 56 

degrees included in the test matrix (this was the farthest upstream that the array could be traversed).  Equivalent 

polar emission angles were determined from the open-jet shear layer refraction using Amiet’s method [53].  All 

spectra presented in this section were verified for repeatability via examination of at least two identical test points 

for quality in each case.  For brevity, these repeat points are not shown here.  Unless otherwise stated, all integrated 

spectra are computed over the slat region. 

 

 

 

(a) Spectra 

 

(b) Sensor locations 

Fig. 21  Unsteady pressure spectra for sensors on the WUSS 

for the baseline FSS (Configuration 1).  M = 0.2, α = 8.5
o
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1. Baseline Model Geometry – FSS (Configuration 1) 

MCF-DAMAS deconvolved source distribution maps are depicted in Fig. 22, showing predominant baseline 

FSS noise generation regions for a number of 1/12-octave center frequencies spanning 2 – 35 kHz.  In each contour 

presentation, the dB levels have been normalized to the local peak level shown in the map with a total range of 

16 dB presented.  At lower frequencies, noise radiation from the outer outboard slat region and wing tip dominated, 

along with contributions from the flap brackets and fairings.  Interestingly, at 8 kHz the noise radiation was 

dominated by a tone-related hot spot occurring in the vicinity of the FSS bridge section.  It has been noted [28] that 

the location of this tone varied with every model configuration and tunnel condition, implying that the conditions 

needed to produce this resonance are highly dependent on the model geometry and flow.  At higher frequencies, the 

noise radiation was more uniform across the span of the slat region with some individual concentrations of noise 

observed from a few of the slat brackets.  Flap noise was not a significant contributor to the overall noise above 6 

kHz. 

The effects of angle of attack on the integrated noise spectra for the slat region on the model are shown in 

Fig. 23.  As expected, there was a clear angle-of-attack dependency on the overall spectral levels, with a roughly 

5 dB increase observed as α increases from 4 to 13 degrees.  It is noted that the spectral shapes observed at all α 

values were relatively similar with the exception of the observed tones in the 7 to 12 kHz range.  There was an 

observed collapse of the spectra below 1.5 kHz that may have been attributable to prevalent nonslat sources below 2 

kHz as well as background noise source effects. 

The effect of Mach number variation on the measured noise spectra integrated for the slat region is shown in 

Fig. 24.  While the spectral features were similar at all flow speeds, there was an expected rise in overall SPL as a 

function of Mach number.  Scaling of the Fig. 24 spectra assuming a sixth-power dependency on flow speed is 

shown in Fig. 25.  No Strouhal frequency scaling has been performed.  Above 15 kHz, the collapse of the spectra 

was excellent; however, below approximately 4 - 5 kHz, the collapse appeared to illustrate a fifth-power dependency 

on flow speed versus a sixth power.  The scaling law in the vicinity of the tones was uncertain.  It is noted that the 

tones were resonance phenomena dependent on both geometric and flow characteristics, so frequency and amplitude 

scaling with speed are unlikely to follow any simple scaling [54, 55]. 

The effects of observer angle (directivity) on the integrated noise spectra can be seen in Figure 26.  Both the 

physical array observation stations and the equivalent polar emission angles are listed in the figure for reference.  At  
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(a) 2 kHz 

 

(b) 4 kHz 

 

(c) 6 kHz 

 

(d) 8 kHz 

 

(e) 10 kHz 

 

(f) 15 kHz 

 

(g) 20 kHz 

 

(h) 25 kHz 

 

(i) 35 kHz 

Fig. 22  1/12th-octave band MCF-DAMAS output. 
Baseline FSS (Configuration 1), α = 8.5o, M = 0.16, ϕ = 90o. 
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Fig. 23  Baseline FSS (Configuration 1) 
angle of attack effects.  M = 0.16, ϕ = 90o. 

 

 

Fig. 24  Baseline FSS (Configuration 1) 
Mach number effects. α = 8.5o, ϕ = 90o. 

 

Fig. 25  Baseline FSS (Configuration 1) 
Mach number scaling.  α = 8.5o, ϕ = 90o. 

 

Fig. 26  Baseline FSS (Configuration 1)  
directivity.  α = 8.5o, M = 0.16. 
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the upstream viewer locations, there were clear decreases in the overall noise level with less variation observed at 

downstream locations.  The structure of the spectra was invariant with observer angle for frequencies away from the 

7.5-kHz tonal peaks.  Previous investigations of leading-edge slat noise by Mendoza et al. [13] showed 

omnidirectional source characteristics at lower frequencies; however, this was not observed in the present data, for 

reasons as yet unknown.   

It has been postulated that the baseline slat noise acts as an approximate dipole source.  This was investigated 

for this study by applying a simple dipole scaling function to the directivity spectra, similar to that shown by 

Mendoza [13].  The spectral normalization takes the form of 

 

                                                         𝑆𝑃𝐿௦ௗ = 𝑆𝑃𝐿 − [10 ∗ log ቀ
௦మఏ

(ଵାெ∗௦ఏ)
రቁ] .           (1) 

The application of Equation (1) to the baseline FSS directivity can be seen in Fig. 27.  The amplitude scaling utilized 

the polar emission angles obtained from the tunnel open-jet shear layer refraction, and included dB corrections to 

account for shear layer ray path differences at the various observer locations.  The scaling did an excellent job of 

collapsing the spectra across the entire frequency range, especially at frequencies below 10 kHz, and confirmed the 

dipole nature of the radiated slat noise. 

2. Baseline Model Geometry – PSS (Configuration 2)   

MCF-DAMAS deconvolved source distribution 

maps are depicted in Fig. 28, showing predominant 

baseline PSS noise generation regions for a number 

of 1/12-octave center frequencies spanning 2 – 35 

kHz.  As in Fig. 22, the dB levels have been 

normalized to the local peak level given in each map 

with a 16 dB range shown.  At frequencies below 20 

kHz, the noise generated in the vicinity of the 

outboard edge of the inboard slat dominated, likely 

due to slat bracket and gap flow interactions near the 

pylon.  The noise radiation from this area peaked  

 

Fig. 27  Baseline FSS (Configuration 1) 
scaled directivity.  α = 8.5o, M = 0.16. 
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(a) 2 kHz 

 

(b) 4 kHz 

 

(c) 6 kHz 

 

(d) 8 kHz 

 

(e) 10 kHz 

 

(f) 15 kHz 

 

(g) 20 kHz 

 

(h) 25 kHz 

 

(i) 35 kHz 

Fig. 28  1/12th-octave band MCF-DAMAS output. 
Baseline PSS (Configuration 2), α = 8.5o, M = 0.16, ϕ = 90o. 
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around 8 kHz and was observed across a range of Mach numbers.  Above 20 kHz, the noise was more distributed 

along the span of the outboard slat, although at 25 kHz a predominant noise source appeared at the inboard edge of 

the outboard slat near the pylon. Only minimal flap noise was observed at all frequencies.  Some noise was observed 

in the floor region in front of the fuselage above 20 kHz.  It is speculated that the source of this noise was a 

horseshoe vortex interacting with the fuselage and floor when the model was generating significant lift [25].  

Subsequent treatment via the application of felt to the offset on the fuselage eliminated this noise source. 

The effect of Mach number variation on the baseline PSS measured noise spectra, integrated over the slat 

region, is shown in Fig. 29.  The spectral features below approximately 7 kHz were somewhat similar at all flow 

speeds.  As noted previously, the observed broad tonal features that represent multiple narrow band peaks were 

produced in the vicinity of the inboard edge of the outboard slat and appeared to approximately adhere to Strouhal 

scaling from their noted locations in the figure.  The observed rise in spectral levels above 20 kHz for the lower 

Mach numbers matched the observed increase in distributed noise along the span of the outboard slat in Fig. 28.  

Scaling of the Fig. 29 spectra assuming a sixth-power dependency on flow speed is shown in Fig. 30.  Above 

15 kHz, the collapse of the spectra was excellent; however, below approximately 4 – 5 kHz, the collapse again 

appeared to depend more on a fifth power of flow speed versus a sixth power, although the effect was not as 

pronounced as for the baseline FSS.  The velocity scaling law in the vicinity of the tones was again uncertain.   

The baseline PSS directivity is represented in Fig. 31 for observer locations spanning 56 to 120 degrees.  In 

general, the addition of the pylon did not appear to significantly affect the directivity for most frequencies, and the 

spectral variation shown in the figure was remarkably similar to that shown in Fig. 26.  The scaled directivity using 

a dipole assumption and the spectral normalization of Equation (1) is shown in Fig. 32.  Below 20 kHz, the collapse 

of the spectra was excellent confirming dipole behavior; however, there was some residual scatter shown above 20 

kHz for currently unknown reasons.  It is speculated that tonal noise radiation due to flow interactions around the 

pylon may have contributed to this variation in dB levels since such radiation could have been directed more to 

downstream observers. 

3. Slat-Gap Filler – FSS (Configuration 3) 

It was anticipated that the introduction of a gap filler would significantly reduce the noise generated by the 

leading-edge slat due to blocking the flow through the gap.  This is confirmed in Fig. 33 where MCF-DAMAS 

deconvolved source distribution maps derived from analyses of the full-span slat with a slat-gap filler were  
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Fig. 29  Baseline PSS (Configuration 2) 
Mach number effects.  α = 8.5o, ϕ = 90o. 

 

Fig. 30  Baseline PSS (Configuration 2) 
Mach number scaling.  α = 8.5o, ϕ = 90o. 

 

Fig. 31  Baseline PSS (Configuration 2) 
directivity.  α = 8.5o, M = 0.16. 

 

 

Fig. 32  Baseline PSS (Configuration 2)  
scaled directivity.  α = 8.5o, M = 0.16. 
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(d) 8 kHz 

 

(a) 2 kHz 

 

(b) 4 kHz 

 

(c) 6 kHz 

 

(e) 10 kHz 

 

(f) 15 kHz 

 

(g) 20 kHz 

 

(h) 25 kHz 

 

(i) 35 kHz 

Fig. 33  1/12-octave band MCF-DAMAS output. 
FSS with SGF (Configuration 3), α = 8.5o, M = 0.16, ϕ = 90o. 
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conducted.  The model configuration shown in Fig. 33 included full-blockage slat tips in addition to the filler [31].  

The slat noise has effectively been eliminated for the majority of 1/12-octave frequencies via the introduction of the 

gap filler, with the exception of some remaining slat noise at 6 kHz.  There was also residual noise observed at the 

wingtip for a number of lower and mid frequencies.  This noise could be a combination of wing-tip vortex noise and 

outboard slat / slat-tip noise.  A small slat tonal spot appeared at 4 kHz with a more prominent one appearing at 10 

kHz.  These were likely due to flow through a small gap between the tip treatment and the rest of the slat and were 

later eliminated via application of clay and tape in these regions.  With the reduction of the slat noise, the flap noise 

appeared as a dominant (but still low-level) noise generation mechanism, with outer flap-edge and bracket noise 

appearing for many of the frequencies. 

 Figure 34 presents a comparison of the integrated noise spectra for the baseline FSS versus the FSS with the 

added SGF.  Dramatic reductions of up to 10 dB in the spectral levels are shown in the comparison for all observer 

angles, especially above 3 kHz.  The broadband tonal structure occurring around 7.5 kHz for the baseline FSS has 

been completely eliminated, although a couple of tones appear at approximately 10.6 kHz and 22.4 kHz for the 

FSS/SGF configuration.  Inspection of MCF-DAMAS source distribution maps revealed that the higher-frequency 

tone emanated from just upstream of the outboard flap 

bracket, while the lower frequency tone appeared on 

the slat bridge piece where difficulties were 

encountered in sealing the ends.   

The effect of Mach number scaling on the 

measured FSS/SGF noise spectra integrated over the 

slat region is shown in Fig. 35.  As with Fig. 25, a 

sixth-power dependency on flow speed is assumed, 

resulting in an excellent collapse of the spectra.  

Curiously, the fifth-power dependency observed for 

the baseline FSS at lower frequencies did not appear 

when the SGF was added, although there was a 

notable deficit in the spectral level at Mach 0.12 for 

frequencies less than 5 kHz.   

 

Fig. 34  Comparison of Configurations 1 and 3 
(Baseline FSS and FSS with SGF) 

α = 8.5o, M = 0.16. 
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It was anticipated that the addition of the 

SGF would affect the directivity of the slat and 

this is confirmed in Fig. 36.  The dipole 

directivity observed for the baseline FSS in Fig. 

27 has been replaced with approximate 

omnidirectional noise across the entire frequency 

span for the FSS/SGF configuration, although 

there were still some variations as a function of 

observer angle.  In general, lower spectral levels 

were observed at upstream locations with 

somewhat higher levels seen at downstream 

locations.  The exception to this was for ϕ = 56˚, where the spectral levels at this observer angle relative to the levels 

at ϕ = 90˚ were greater for frequencies above 10 kHz than for frequencies lower than this.   

4. Slat-Gap Filler – PSS (Configuration 4) 

MCF-DAMAS deconvolved source distribution maps for the PSS/SGF configuration are shown in Fig. 37.  

This model configuration, as described in Section II, included full-blockage slat tips.  The introduction of the gap 

filler again eliminated the majority of slat noise 

for most of the displayed 1/12-octave frequencies 

for this configuration, with the exception of some 

residual noise observed along the outboard slat 

between 4 and 8 kHz.  There was also noise 

observed at the wingtip between 4 and 20 kHz, as 

well as a small broadband spot appearing at the 

aft end of the wing root for frequencies spanning 

4 – 25 kHz.  Flap backet noise was somewhat 

more prominent for this configuration versus the 

FSS/SGF with significant noise observed for the 

outboard flap bracket at 8 kHz and the midflap  

 

Fig. 35  FSS / SGF (Configuration 3) 
Mach Number Scaling, α = 8.5o, ϕ = 90o. 

 

 

Fig. 36  FSS / SGF (Configuration 3) 
Directivity, α = 8.5o, M = 0.16. 
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(a) 2 kHz 

 

(b) 4 kHz 

 

(c) 6 kHz 

 

(d) 8 kHz 

 

(e) 10 kHz 

 

(f) 15 kHz 

 

(g) 20 kHz 

 

(h) 25 kHz 

 

(i) 35 kHz 

Fig. 37  1/12th-octave band MCF-DAMAS output. 
PSS with SGF (Configuration 4), α = 8.5o, M = 0.16, ϕ = 90o. 
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Fig. 40  PSS with SGF (Configuration 4) 
Directivity,  α = 8.5o, M = 0.16. 

 

bracket at 20 kHz.   

A comparison of baseline PSS noise with noise generated when the SGF is added can be seen in Fig. 38.  

Similar to the FSS/SGF combination, the addition of the SGF to the PSS reduced the radiated noise by 10 dB for the 

majority of frequencies above 3 kHz.  The Mach 

number scaling shown in Fig. 39 confirmed that this 

model configuration exhibited a sixth-power velocity 

scaling.  There was an excellent collapse of the 

spectral levels below 5 kHz with a somewhat less 

successful collapse at higher frequencies.  The 

directivity data shown in Fig. 40 confirmed that this 

model configuration displayed an approximate 

omnidirectional pattern over the ensemble of 

observer angles.  The variation in spectral levels 

below 10 kHz was virtually identical to that shown in 

Fig. 36, although there was more variability in levels 

seen above 10 kHz for this configuration.  In general, it can be concluded that the switch from Configuration 3 

(FSS/SGF) to Configuration 4 (PSS/SGF) did not affect the radiated noise characteristics significantly, and that the 

 

Fig. 38  Comparison of Configurations 2 and 4 
(Baseline PSS and PSS with SGF),  α = 8.5o, M = 0.16.   

Nacelle Installed for All Cases. 
 

 

Fig. 39  PSS with SGF (Configuration 4) 
Mach Number Scaling, α = 8.5o, ϕ = 90o. 
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(b) 

addition of the flow-through nacelle had minimal impact on the observed noise.  

5. Landing Gear Effects (Configurations 5 and 6) 

A high-fidelity main landing gear (MLG) was developed for the CRM-HL model (Fig. 41a).  The gear assembly 

included a four-wheel truck attached to a clevis (Fig. 41b) that allowed the truck angle to be set to -13˚, 0˚, or +13˚.  

High-fidelity components were constructed of stainless steel (load bearing) and nylon (nonload bearing) and 

included a door and scaled hydraulic lines and actuators.  A partial landing gear bay was constructed within the 

main-element wing.  Additional drawings and details of the landing gear assembly can be found in Ref. 26.  For the 

MLG acoustic measurements shown here, the truck angle was set at a constant toe up angle of +13˚. 

Figure 42 depicts MCF-DAMAS output for the FSS/SGF (Configuration 5) with the MLG attached.  For this 

configuration, the noise was integrated over the wing region on the model.  Not surprisingly, the MLG radiated 

noise was dominant.  At lower frequencies (e.g., 2 kHz in the figure), flap bracket noise could also still be seen.  

With the SGF installed virtually, no slat noise was observed, with the one exception of residual outboard slat noise 

appearing at the wingtip at 2 kHz.  It is noted that the MLG noise was not centered on the gear truck but was offset  

(a) 

Fig. 41  High-fidelity Main Landing Gear: 
(a) Position on Model, (b) Closeup View 

[Source: NASA]. 
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to the inboard side where the retraction brackets reside.  This could indicate increased noise radiation from the 

brackets, though uncertainties in the analysis made this difficult to state conclusively. 

Figure 43 clearly shows the increase in noise for Configuration 5.  For the baseline FSS configuration (the black 

line in Fig. 43), the addition of the gear (the green line) added approximately 2 – 3 dB to the spectral levels across 

the entire frequency range.  The effect was more dramatic for the FSS/SGF configuration (the red line) where the 

deployment of the gear (the blue line) added 5 – 6 dB to the levels.  Fortunately, in comparing the spectral levels for 

the FSS/MLG configuration with and without the SGF (green and blue lines), it was seen that the addition of the 

SGF lowered the observed noise levels by about 3 – 4 dB across the entire frequency range.  Thus, the SGF provided 

an acoustic reduction benefit regardless of gear deployment for these configurations. 

 

(a) 2 kHz 

 

(b) 6 kHz 

 

(c) 10 kHz 

 

(d) 15 kHz 

 

(e) 25 kHz 

 

(f) 35 kHz 

Fig. 42  1/12th-octave band MCF-DAMAS output. 
FSS with SGF and MLG (Configuration 7), α = 8.5o, M = 0.16, ϕ = 90o. 
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Fig. 43  FSS / MLG Noise Comparison. 
(Configuration 5), α = 8.5o, M = 0.16, ϕ = 90o. 

Integration over the wing region. 

 

Fig. 44  FSS / MLG Mach Number Scaling. 
(Configuration 5), α = 8.5o, ϕ = 90o. 
Integration over the wing region. 

 

Figure 44 shows the Mach number scaling for the 

FSS/SGF/MLG combination.  Previous investigations 

of scaled landing gear noise indicated a sixth-power 

velocity scaling behavior [56].  This is confirmed in 

Fig. 44 where an excellent collapse of the data was 

seen.  Both the slat and landing gear contributed to a 

similar velocity scaling.  There were strong tonal peaks 

shown at 7 kHz and 18 kHz, perhaps due to radiation 

from the flap brackets.  These were seen in MCF-

DAMAS outputs at Mach 0.12 for this configuration 

(not presented here). 

Similar MCF-DAMAS presentations to those 

shown in Fig. 42 can be seen in Fig. 45 for the PSS/SGF with the MLG deployed (Configuration 6).  The noise 

radiation characteristics for the MLG were virtually identical as compared with Configuration 5, and the MLG 

dominated the noise observed for all frequencies in Fig. 45.  This is not surprising since little to no slat / landing 

gear interaction was expected.  Note that there were also no flap angle changes made that could influence the MLG 

noise.  Figure 46 shows the increase in noise for the 

PSS/SGF/MLG configuration over the no-gear 

baseline.  For the baseline FSS configuration (the 

black line in Fig. 43), the addition of the gear (the 

green line) added approximately 2 dB to the spectral 

levels across the entire frequency range.  Using the 

PSS/SGF configuration (the red line) as a baseline, the 

deployment of the gear (the blue line) added 5 – 6 dB 

to the levels.  The noise behavior observed between 

Configurations 5 and 6 was virtually identical.  

Finally, the Mach number scaling depicted in Fig. 47 

again showed an excellent collapse of the spectra  
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using a sixth-power scaling function.  The same slat tones were observed as in Figure 44. 

 
V. Summary 

 
A detailed experimental study of the noise generated by a 10%-scale, semispan version of a High-Lift Common 

Research Model incorporating a leading-edge slat, trailing-edge flap and removable high-fidelity main landing gear 

was conducted in the open-jet test section of the NASA Langley 14- by 22-Foot Subsonic Tunnel. Aerodynamic and 

acoustic measurements were obtained on baseline and acoustically treated model configurations using surface 

pressure sensors and a traversing 97-microphone phased array that viewed the pressure side of the airframe.  A 

modified version of the DAMAS array deconvolution method was employed to determine the locations and  

 

(a) 2 kHz 

 

(b) 6 kHz 

 

(c) 10 kHz 

 

(d) 15 kHz 

 

(e) 25 kHz 

 

(f) 35 kHz 

Fig. 45  MCF-corrected 1/12th-octave DAMAS output. 
PSS with SGF and MLG (Configuration 6), α = 8.5o, M = 0.16, ϕ = 90o. 
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Fig. 46  PSS / MLG Noise Comparison. 
(Configuration 6), α = 8.5o, M = 0.16, ϕ = 90o. 

Integration over the wing region. 
 

strengths of relevant noise sources in the vicinity of the slat, flaps, and landing gear.  Some primary conclusions 

derived from the study are as follows: 

- Aerodynamic performance of the model at angles of attack around landing was preserved with the addition 

of the SGF to the FSS and PSS configurations.  This was verified by examination of the model lift 

characteristics and the Cp distributions around the model.  The experimental Cp distributions agreed well 

with computational results obtained from Powerflow simulations. 

- The inclusion of the slat-gap filler with slat-tip transitions significantly reduced the radiated noise along the 

entire span of the slat, with typically 10 dB of noise reduction observed for the FSS/SGF and PSS/SGF 

configurations versus the baseline.  There was some residual noise observed, especially near the wingtip, 

but not at significant levels.  It can thus be concluded that the SGF is a very effective noise reduction 

mechanism for the slat. 

- The flap noise was not a significant contributor to the overall radiated sound field for the baseline model 

configuration due to the stronger slat noise.  With the addition of the SGF, the flap noise became more 

prominent but was still not a strong contributor to the overall noise.  For certain configurations 

(Configuration 4 for instance), flap bracket noise could be observed for a number of frequencies due to the 

 

Fig. 47  PSS / MLG Mach Number Scaling. 
(Configuration 6), α = 8.5o, ϕ = 90o. 
Integration over the wing region. 
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reduction in slat noise.  It is noted that the flap noise might be exacerbated in a real geometry due to 

interaction between the flap and the propulsive jet.  This was not accounted for in the present study. 

- Directivity measurements using the array at various observer locations revealed an approximate dipole 

directivity for the baseline FSS and PSS configurations.  The incorporation of the SGF transitioned the 

radiated noise into an approximate omnidirectional pattern, although some residual variation with observer 

angle was seen, particularly for the PSS configurations. 

- The observed Mach number variation implied a sixth-power dependency on flow speed, although this only 

applied to higher frequencies for the baseline FSS and PSS configurations, with a fifth-power dependency 

observed at lower frequencies.  The addition of the SGF resulted in a true sixth-power dependency across 

the entire frequency range.  This was a somewhat unexpected finding, and it’s not entirely clear why the 

scaling changes with the addition of the SGF. 

- As expected, the addition of the untreated main landing gear dramatically increased the overall spectral 

levels, with noise radiation appearing near the inboard side of the gear truck where the retraction brackets 

reside.  This could indicate increased noise radiation from the brackets although this cannot be proved 

conclusively from the present data.  There appeared to be no interaction between the slat and the landing 

gear in terms of overall noise levels.  The SGF provided effective noise reduction regardless of gear 

deployment. 

 

Although beyond the scope of the analyses described in this paper, future work could include an examination of 

slat-cove filler effects for comparison with the slat-gap filler.  There were many additional model configurations 

tested beyond the ones described here that could provide a rich source of comparison data. 
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