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A wind tunnel test was conducted at the NASA Langley National Transonic Facility (NTF)
from December 2023 through May 2024 on the NASA 5.2%-scale semispan High Lift Common
Research Model (CRM-HL). Eight model configurations were tested including four landing,
two landing with ice shapes installed, and two takeoff configurations. The test was run in both
air and in nitrogen with tunnel freestream conditions ranging from -250°F and 150°F (-156°C
to 49°C), a Mach number range of 0.20 to 0.35, and chord Reynolds numbers of 1.61 million to
30 million (matching flight Reynolds number). The force and moment and pressure data from
this and other CRM-HL models will be made available to the worldwide research community to
allow for comparison between different wind tunnels and different configurations to improve
the state-of-the-art in CFD, and to increase wind tunnel testing knowledge. This paper will
give an overview of the NASA 5.2%-scale CRM-HL high Reynolds number test that was run at
NTF. Some data will be presented to show repeatability and to present some basic model testing
information.
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= Angle of attack at Cp,, , , deg
= Span of the wing
= Balance accuracy
= Chord of the wing
= Degree Celsius
= Axial force coefficient in the model body axis
= Drag coeflicient, stability axis
= Lift coefficient, stability axis
= Rolling moment coefficient in the model body axis
= Rolling moment coefficient in the stability axis
= Maximum Lift Coefficient
= Pitching moment coefficient in the stability axis
= Pitching moment coefficient in the model body axis
= Yawing moment coefficient in the model body axis
= Yawing moment coefficient in the stability axis
= Normal force coefficient in the model body axis
= Degree Fahrenheit
= Feet
= Horizontal tail
= Hertz
= Inboard
= Inch
= Kilopascal
= Pound
= Pounds force
= Landing gear
= Freestream Mach number
= Mean aerodynamic chord
= Midboard
= Millimeter
= Moment reference center
= Model station
= Megawatt
= Outboard
= Pounds per square foot
= Pounds per square inch, absolute
Dynamic pressure, PSF
= Chord Reynolds number, 10°
= Wing area
= Test section total temperature, °F
= Coordinates in model reference frame, inches

Acronyms and Abbreviations

14x22
CAD
CFD
CRM-HL
DLR

14- by 22-Foot Subsonic Tunnel

Computer aided design

Computational fluid dynamics

High Lift Common Research Model

German: Deutsches Zentrum fiir Luft- und Raumfahrt e.V.
German Aerospace Center



ESP = FElectronically Scanned Pressure

HLPW = High Lift Prediction Workshop

IGV = Inlet guide vane

IML = Inner mold line

LN, = Liquid Nitrogen

NASA = National Aeronautics and Space Administration

NTF = National Transonic Facility

NWB = Niedergeschwindigkeits-Windkanal Braunschweig
= Low-Speed Wind Tunnel at Braunschweig, Germany

OML = Outer mold line

ONERA = Office National d’Etudes et de Recherches Aérospatiales
= National Office for Aerospace Studies and Research, France

Q5 = QinetiQ 5-meter wind tunnel

RMS = Root mean square

RPM = Revolutions per minute

SMSS = Sidewall Model Support System

WUSS = Wing under-slat surface

II. Test Program Overview

The National Aeronautics and Space Administration (NASA) 5.2%-scale High Lift Common Research Model
(CRM-HL) semispan model was tested in the National Transonic Facility (NTF) wind tunnel, located at NASA Langley
Research Center in Hampton Virginia, from December, 2023 through May, 2024 (NTF Test 237). The test focused on
obtaining high Reynolds number data on the open CRM-HL ecosystem design [1]]. Collecting high Reynolds number
force and moment data on the model with ice shapes installed was also of high priority, and is discussed in Broeren
et al [2]] . The NASA 5.2%-scale CRM-HL semispan model was designed by NASA as discussed in Ertsgaard and
Winski [3]]. Figure[I]shows pictures of the NASA 5.2%-scale CRM-HL model installed in NTF.

(a) Isometric view. (b) Front view.

Fig. 1 Pictures of the NASA 5.2%-scale CRM-HL semispan model installed in the NTF [Photos: NASA].

The force and moment and pressure data from this and other CRM-HL models will be made available to the
worldwide research community for Computational Fluid Dynamics (CFD) validation of high lift configurations, to allow
for comparison between different wind tunnels and different configurations, to improve the state-of-the-art in CFD, and
to increase wind tunnel testing knowledge.

Eight model configurations were tested, including four landing, two landing with ice shapes installed, and two
takeoff configurations. 85 data runs were acquired during the test, 32 of which were within-test repeat runs. The test
was run in both air and in nitrogen with tunnel freestream conditions ranging from 120°F to -250°F, a Mach number
range of 0.20 to 0.35, and chord Reynolds numbers of 1.61 million to 30 million (matching flight Reynolds number).



A. High Lift Common Research Model

Currently, CFD struggles to accurately and reliably predict maximum lift, the maximum lift coefficient (Cyr,,, ),
as well as the complex flow physics near Cy,, , . CFD requires wind tunnel data for high-fidelity comparisons in the
development of practical modeling guidelines for predicting Cy,, . and assessing transition, turbulence models, and
Reynolds number effects. NASA is teaming with researchers and engineers in industry, government, and academia
around the world to study this area of aerodynamics in order to provide an open source wind tunnel data set to the
research community to use for CFD development. The data were also used in the AIAA CFD High Lift Prediction
Workshop (HLPW), currently on HLPW-5 [4]].

The NASA 5.2%-scale CRM-HL semispan model is part of the CRM-HL ecosystem of models, designed using
the same generic commercial high lift geometry. The outer mold line (OML) was designed by Boeing [3]], and the
CRM-HL design itself is an open design, representative of a high lift configuration for modern commercial transonic
transports [1]]. Ecosystem partners around the world have or plan to build and test wind tunnel models based on this
same design, build at different scales, both semispan and full-span, and run in multiple configurations, including takeoff,
landing, and cruise. The force and moment, pressure, and flow visualization data from this and other CRM-HL tests,
along with the model geometry, will be made available to the worldwide research community to allow for comparison
between different wind tunnels and different configurations, to improve the state-of-the-art in CFD, and to increase wind
tunnel testing knowledge.

Part of the NASA 5.2%-scale CRM-HL semispan model design focused on ensuring the model is capable of
supporting geometric variations of the most likely components that may be desired in future studies, including leading
and trailing edge devices, wing tip, strake, and nacelle and pylon. The ecosystem of models, and the extensive testing
on each model provides a relatively comprehensive understanding of the model, and the modular design of the model
makes these models good platforms to test new concept designs without building an entire new model. The ability to
test new designs on these "known" models also makes it easier to isolate the aerodynamic effects of the new parts.

B. National Transonic Facility

The NTF [6] and is a fan-driven, closed-circuit, continuous-flow, pressurized, cryogenic wind tunnel. An aerial
view of the tunnel is shown in Figure[2] and a sketch of the NTF tunnel circuit is shown in Figure[3] The facility has
the ability to hold the tunnel temperature, pressure and Mach number at constant values, thus yielding independent
variation of Mach number (compressibility effects), Reynolds number (flow regime), and dynamic pressure (aeroelastic
considerations), within a tolerance decided on by the customer. The test section is approximately 8.2 ft (2.5 m) square
and 25 ft (7.6 m) long with a cross sectional area of 66.8 f1> (6.2 m?). The test section is slotted with six slots in the
ceiling and six slots in the floor, 14 re-entry flaps in the top and bottom walls to prevent the flow from choking the tunnel
at near-sonic conditions and a 6% openness ratio based on the wall surface area when the wall divergence is set at zero.

Fig. 2 Aerial View of the U.S. National Transonic Facility [Photo: NASA].

The NTF can be operated using air, nitrogen, or a mixture of air and nitrogen as the test medium. During air
operations temperature is controlled by a large water heat exchanger, called the cooling coil, located in the settling
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Fig.3 National Transonic Facility tunnel circuit, dimensions in feet.

chamber which removes heat from the tunnel, thereby maintaining tunnel temperature. During nitrogen operations the
temperature is controlled by evaporating liquid nitrogen (LN, ) which is dispersed into the tunnel circuit by injectors
that are located just upstream of the fan. A picture of the NTF LN, injectors is show in Figure[(a)] As the nitrogen is
injected, it vaporizes and removes heat from the circuit. In air operations the tunnel temperature is controlled with
water-fed cooling coils, located upstream of the test section in the settling chamber. These modes provide the ability to
operate the tunnel between -250°F and 150°F (-156°C to 49°C). Thermal insulation that resides inside the pressure shell
minimizes energy consumption. Total pressure is controlled by two large vent valves between turns 3 and 4. The facility
can operate between 14.7 psia and 130 psia (101 kpa to 896 kpa), or 1 to 9 atmospheres (1.01 to 9.1 bar) in both air and
in nitrogen mode.

(a) Picture of the NTF LN, Injectors. (b) Picture of the NTF inlet guide vanes (IGVs)
and fan blades.

Fig. 4 Photos of the NTF LN, injectors, IGVs and fan blades [Photos: NASA].

The Mach number is controlled by the fan revolutions per minute (RPM) and movable fan inlet guide vanes (IGV)
located ahead of the fan blades. Figure[@(b)is a picture of the NTF IGVs and fan blades. The tunnel fan/drive system is
powered by a variable speed motor (60 to 600 RPM) that has variable maximum torque or power output up to 360 RPM.
At 360 RPM the maximum power is 100 megawatts (MW) and maintains that maximum power level up to 600 RPM.
The compressor consists of a fixed pitch, single stage fan with variable inlet guide vanes. For fine Mach number control,
the inlet guide vanes are varied to achieve the desired compression ratio to maintain the selected Mach number. The
Mach range at NTF is 0.20 to 1.2. Table[3]lists the characteristics of the NTF tunnel.



Table 3 NTF Characteristics.

Mach Number 0.20-1.20

Reynolds Number 4x10° — 145x10° per foot
Pressure 15 psia - 125 psia
Temperature -250°F - 150°F

Test Gasses Air, Nitrogen, Air and Nitrogen
Test Section Size 8.2 ftx 8.2t

Test Section Length 25 ft

Test Section Area 66.8 f1>

Contraction Area Ratio  15:1

Circuit Length 497 ft

Drive Power 100 Megawatts

C. Testing Procedures

Testing followed the best practices of the NTF, including the acquisition and application of weight tares, check loads,
wind off zeros before and after running, instrumentation checks and calibrations throughout testing, and temperature
equalization of the tunnel and the balance structures. Leak checks were done on the model pressures after initial
installation, and again after any model changes on the new parts. Multiple repeat sweeps were done throughout testing,
including short term and long term repeats.

It is very important to have a model that is as smooth as possible for high Reynolds number testing since the high
Reynolds number flow is used to, in a sense, scale the model up from model-scale to full-scale, meaning that any small
scale imperfections, roughness, or steps become amplified in the high Reynolds number flow. It is especially important
to have as few non OML features as possible on the upper surface of the model. Model filler was used to fill in fastener
holes and gaps on the model, and sanded down to be as flush with the model surface as possible. Atmospheric tunnels
are able to use tape on the lower surface of the model since the small steps have less of an effect at lower Reynolds
numbers, but those steps have a much larger effect at high Reynolds numbers seen at NTF. The model was wiped down
and cleaned as a last step before closing the tunnel after model work.

A balance monitoring system was used to ensure that maximum forces and moments were not reached on the model
or the balance during testing. The majority of the test was run in pitch-pause data collection mode, running alpha
sweeps from the lowest angle of attack (—4°) to the highest angle of attack (22°). Most alpha sweeps were using run
schedule A1, with 30 angles, and repeats were run using a reduced run schedule, A2, with 20 angles. Alpha schedules
Al and A2 are listed below, and both have a smaller delta increment near Cy,, . Because of model dynamics a few
runs were cut off early before reaching the maximum angle of attack planned. A set of continuous sweep runs were
tested to compare the continuous sweep forces and moments against the pitch-pause forces and moments, checking for
potential flow setup differences on the model from pitching patterns. No difference was seen between the continuous
data and the pitch-pause data.

Alpha schedule Al: -4, -2, 0, 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 13.5, 14, 14.5, 15, 15.5, 16, 16.5, 17, 17.5,
18, 18.5, 19, 19.5, 20, 22

Alpha schedule A2: -4, 0, 4, 6, 8, 10, 12, 14, 14.5, 15, 15.5, 16, 16.5, 17, 17.5, 18, 18.5, 19, 20, 22

D. Model Configurations

Table [4|lists the configurations that were tested during this test entry. The nacelle chine was installed in the middle
position for all nacelle-on runs. The ecosystem has defined selected baseline reference configurations that all ecosystem
partners are asked to run [3]] during their testing campaigns. The ecosystem baseline landing configuration, Landing -
Nacelle On, is 30° slat, 40° inboard (IB) flap and 37° outboard (OB) flap with nacelle on with chine on (middle position),
horizontal tail (HT) off, and the landing gear (LG) off at Mach 0.20. The ecosystem baseline takeoff configuration (TO),
Takeoff - Nacelle On, is 22° slat and 25° inboard and outboard flaps with nacelle/pylon installed with chine on in the



middle position, horizontal tail off, and landing gear off at Mach 0.26.

Table 4 Model Configurations.

Configuration Slat IBFlap OBFlap Nacelle LG HT Ice Shapes
Landing - Nacelle On (L baseline)  30° 40° 37° on - - -
Landing - Nacelle On - LG 30° 40° 37° on on - -
Landing - Nacelle On - HT 30° 40° 37° on - on -
Landing - Nacelle Off 30° 40° 37° - - - -
Landing - Nacelle On - HT - Icing ~ 30° 40° 37° on - on on
Landing - Nacelle On - Icing 30° 40° 37° on - - on
Takeoff - Nacelle On (TO baseline) 22° 25° 25° on - - -
Takeoff - Nacelle Off 22° 25° 25° - - - -

E. Testing Conditions

Table[3]lists the tunnel conditions that were run during the test. In general, landing configuration data were collected
at Mach 0.20 and takeoff configuration data were collected at Mach 0.26. Conditions noted with "Rake run only" were
run with a pressure rake installed on the wall in front of the model, and no model data runs were done at those conditions.
Certain conditions were run for comparisons with other tunnel data on this same model, the NASA 5.2%-scale CRM-HL
model check out test at NASA Langley 14- by 22-Foot Subsonic Wind Tunnel (14X22) Test 668 (2022) [8] and the test
of the NASA 5.2%-scale CRM-HL model in the Niedergeschwindigkeits-Windkanal Braunschweig (Low-Speed Wind
Tunnel at Braunschweig, Germany) (NWB) (2023) [9] and [10] , and for comparison with other CRM-HL ecosystem
models tested at other wind tunnels including the NASA 10%-scale CRM-HL test in QinetiQ 5-meter (Q5) wind tunnel
(2019) [L1]] and the (French) Office National d’Etudes et de Recherches Aérospatiales (National Office for Aerospace
Studies and Research) (ONERA) 5.1%-scale Large Reference Model — High-Lift model (LRM-HL) test in the ONERA
F1 Pressurized Low-Speed Wind Tunnel (2022) [[12]] and [[13]. Two runs were tested at 5.49 million Rec, one in air
operations at a dynamic pressure (Q) of 207 PSF and another run taken at a Q of 138 PSF in cryogenic operations, and
two runs were taken at 16 million Rec, one at a Q of 240 PSF, and the other at a Q of 157 PSF. These Q variation runs
can be used for aeroelastic assessment of the model.



Table 5 Test Conditions.

Configuration Mach Rec Trrs Q Notes
x106  °F PSF

Landing

020 1.6 100 61 Match DLR & 14x22 Test 668 Rec

020 333 120 133

020 533 -50 134 Match Q5 Rec

020 549 95 207 HighQ

020 549 -50 138 Low Q

020 59 -50 149  Match ONERA Rec

020 16 -180 240 HighQ

020 16 -250 157 LowQ

020 30 -250 295

0.26 16 -250 202  For icing

0.30 16 -250 232 For icing

0.35 16 -250 268  For icing

020 7 95 264  Rake run only

026 5.6 120 288  Rake run only

0.35 549 120 376  Rake run only
Takeoff

0.23 1.8 120 82 Match DLR Mach & Rec
0.26 1.97 120 101  Match 14x22 Test 668 Rec
0.26  4.08 120 210




II1. Model and Hardware Description

The NASA 5.2%-scale CRM-HL semispan model is part of the CRM-HL ecosystem of models, designed and
constructed to match the CRM-HL reference geometry outer mold line (OML) [3]] as closely as possible. The reference
design is representative of a high lift configuration for transonic transports [[1] and is openly available on the CRM
website [14]], which has a section that provides the geometry files for the CRM-HL reference OML as well as the
geometry files for the as-built models within the CRM-HL ecosystem [15].

The NASA 5.2%-scale CRM-HL wing was designed at the NASA Langley Research Center from the reference
OML, with details of the design process available in the paper by Ertsgaard and Winski [3]], and fabricated by Advanced
Technology Inc. (ATI) E} The fuselage of the model and support hardware were preexisting and have been used on a
multitude of wind tunnel test campaigns over many years. The NASA 5.2%-scale CRM-HL was designed as a port
semispan wing, or half model, specifically for the NTF. As noted earlier, the NTF is a high Reynolds number facility
that can be run in cryogenic conditions, which creates constraints on the model design. NTF test conditions for this test
ranged from temperatures -250°F and 150°F (-156°C to 49°C), and up to a maximum Q of 380 PSF (18 kPa). These
extremes, coupled with the angle-of-attack range of —4° to 22° heavily influenced the model design.

The NASA 5.2%-scale CRM-HL semispan model has been tested four times in three wind tunnels. The model was
first tested at the 14X22 from August 15 to September 8, 2022 for a model checkout test. Testing details are available in
Winski et al. [8]. The model was then tested at the NWB [[16] from May 9 to July 6, 2023, under an agreement between
NASA and the German Aerospace Center (German: Deutsches Zentrum fiir Luft- und Raumfahrt e.V.) (DLR). Testing
details are available in Piilm et al. [9] and [10] The high Reynolds number test that is the focus of this paper was run at
the NTF from December 22, 2023 to May, 2024. The NASA 5.2%-scale CRM-HL was again tested in the 14x22 from
September 23 to September 26, 2024 for a dedicated flow visualization test.

Semispan testing allows for a larger scale model to be tested than a full-span model of the same design which results
in the ability to test at higher chord Reynolds numbers in the same conditions. Due to the scaled down nature of the wind
tunnel model from full scale, certain changes needed to be made to the NASA 5.2%-scale CRM-HL model, creating
variations from the reference geometry. Most notably the designs for the flap track fairings and the slat brackets had to
be large enough to house pressure tubing running from the flaps and slats to the main wing spar instrumentation trough.
In accordance with the ecosystem recommendations, the flap track and slat track variations from baseline are in height
and not width.

The wing main spar was designed with instrumentation troughs for pressure tubing to run from the wing to the
Electronically Scanned Pressure (ESP) modules in the fuselage. The upper surface of the wing was designed to be as
clean as possible, minimizing pressure troughs and fasteners whenever possible. The surface finish on all flow surfaces is
8 micro-inches or less, since the effect of small amounts of roughness are exacerbated in high Reynolds number testing.

The wing was fabricated from Vascomax® C-250, a material often used in cryogenic testing because it remains
dimensionally stable under a large range of temperatures and also retains its strength. The model was designed to be
modular as shown in Figure[5] with changeable slat angle and IB and OB flap angles, nacelle and pylon on or off, chine
at three radial locations or removed, horizontal tail on or off, and landing gear on or off. The modular design of the
model also allows for the ability to test non-original parts at any of the previously mentioned locations. The model
also has a removable plug near the wing root that can be used for different flow visualization techniques. One flow
visualization plug will be left as is for standard clean wing testing.

A. Model Reference Dimensions

Table E] lists the model reference dimensions used in the data reduction. Axial transfer, x, is positive moving back
from in front of the nose of the aircraft towards the tail. Side transfer, y, is positive moving from the model center-line
out towards the right wing tip. Normal transfer, z, is positive going from slightly below the model lower fuselage
towards the roof of the plane or upper fuselage.

In model coordinates, the nose begins at model station (MS) x=4.81 in and the tail ends at MS x=133.328 in, with
the fuselage being 128.52 in long. Note that the ecosystem CAD definition has its full-scale back end at x=2562 in
(x=133.224 in 5.2%-scale), whereas the NASA 5.2%-scale semispan model ends at x=133.328 in. The mounting point
of the model is at water line (WL) z=11.287 in of the model, and x=59.883 in behind the nose. Force and moment
plotting was done in the model aerodynamic coordinate system set at the model’s aerodynamic center, or moment
reference center (MRC). These coordinate transformations as well as transformations for other CRM tests in the NTF
are covered by Pomeroy, et al. in [17]].

*No federal endorsement is implied.



Leading Edge Chine Cover Plate

Landing Gear
Slat '
N < \

Main Spar

3 Optional Chine Locations

Trailing Edge

f

Aileron
Wing Tip
Fig. 5 5.2%-scale CRM-HL main wing assembly.
Table 1 Model Reference Dimensions.
Parameter Variable Full Scale  5.2%-Scale
Reference area (semispan) SREF 2065 f 12 558 f 12
Reference chord CrREF 275.8 in 14.34 in
Wingspan (semispan) bREF 1156.75in  60.15 in
Mean Aerodynamic Chord x distance MACx  275.8in 14.34 in
Mean Aerodynamic Chord y distance MACy  468.75in  24.35in
X Moment Reference Center MRC x 13259 in 68.95 in
Y Moment Reference Center MRCy Oin 0in
Z Moment Reference Center MRC z 177.95 in 9.25in
Fuselage length 2059.62 ft  10.71 ft
Clean wing volume 773 in?
B. Model Parts

The model consists of a fuselage, a horizontal tail and numerous wing interchangeable parts that attach to the wing
spar (or main element). The fuselage being used on this model was preexisting, and the wing spar and wing components
were designed and built for this model. See [3] by Ertsgaard and Winski for details of the wing design process and
model parts. The model consists of numerous interchangeable parts allowing for the buildup of different configurations
for takeoff, landing, and cruise. Figure[5]shows a computer aided drawing (CAD) view of the parts of the wing that can
be changed out on the main spar. Figure[6]shows an exploded CAD view of the major wing components that attach to
the wing spar (green).

1. Fuselage
The fuselage used on this model was preexisting, and had been used on numerous testing campaigns in the NTF and
in other tunnels. New fuselage fairings were designed and fabricated with the wing to restore the fuselage contour and
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Fig. 6 5.2% CRM-HL blown up CAD view of the major wing components [Photo:NASA].

accommodate the CRM-HL wing loft and strake. Fairings on the fuselage provide access to the model block, ESP
modules, and angle measurement system. The ESP modules were stored in a heater box inside of the fuselage during
testing. The aft fuselage can have a horizontal tail installed, or a blank plate. There is no vertical tail on this model.

2. Wing Spar

Figure 6] shows a blown up CAD view of the major wing components that attach to the wing spar (green). The wing
spar is attached to the fuselage model block by the wing tang. All of the pressure instrumentation runs through the
main wing spar into the fuselage. The wing tip and the aileron stay attached to the main wing spar, though they can be
removed. The wing spar and all wing parts are made of Vascomax® with AAA certification and have a 8 micro-inches
root mean square (RMS) surface finish on all flow surfaces unless otherwise specified.

3. Leading Edges and Trailing Edges, Slats and Flaps

The model has one set of slat and flap parts for the cruise configuration, and another set of slat and flap parts for
deployed takeoff and landing configurations. The cruise leading edge is one long piece that abuts the entire leading edge
of the wing spar, with no slat jutting out, and no slat brackets, just a single smooth surface. The cruise trailing edge has
no deflection and abuts the wing spar to make one smooth surface with flap track fairings attached on the underside.
The deployed configurations all use common slats and flaps with the brackets changed out to set each designated angle.
The aileron is not deflected or removed. Figure [7(a)]shows the underside of the wing spar with the slat brackets and the
mounting features or footprints for the flap track fairing labeled. Figure [7(b)]shows the underside of the wing with the
deflected slat and deflected flaps installed.

Figure [§ shows CAD snapshots of the deployed leading edge parts. The deployed configuration incorporates model
hardware along the length of main spar which completes the main spar leading edge, called the wing under-slat surface
(WUSS), which is shown broken out in yellow with the slat attached in Figure[8(a)] The slat is in three lengthwise
pieces as can be seen in Figure [8(b)] an inboard slat, a small slat filler insert which is only used when running without
the nacelle-pylon, and an outboard slat. The jetted out, deflected, slats connect to the WUSS with slat brackets, shown
in Figure

There are 15 slat brackets connecting the deployed slat to the WUSS leading edge, three on the inboard slat and 12
on the longer outboard slat. Pressure tubing running from the slat to the leading edge and then to the wing spar is routed
through the slat brackets. The slat brackets are therefore larger in height than the ecosystem design to accommodate the
tubing. The model has two sets of slat brackets, allowing the deployed slat to be set to 22° or 30° using the common
slat pieces, and the slat brackets are changed out to change between angles. The 22° slat brackets are shorter with a
shallower angle and the 30° slat brackets are longer with a steeper angle. When the slat angles are changed the pressure
tubing remains connected to translate inside the deployed leading edge and the slat brackets are switched out over top of
the pressure tubing.
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Fig. 7 Pictures of the NASA 5.2%-scale CRM-HL underside of the wing [Photos: NASA].
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Fig. 8 NASA 5.2% CRM-HL CAD of the slat and slat parts.

Like the deflected slats, there is only one set of deflected flap parts, and the flap track fairings, which serve as integral
flap brackets, are changed out to set the flap deflections to different angles. Figure [0]shows example CAD snapshots of
the flap track fairings. Note that while these images demonstrates the correct flap track fairing OML (orange) they are
not representative of the final as-built wing hardware (gray). Figure[0(a)]shows the difference between a cruise flap
bracket, and one of the deployed flap brackets. The inboard (IB) deflected flap can be set to 25° (takeoff), 37°, 40°, or
43 ° (landing). The outboard (OB) flap can be set to 25° (takeoff), 34°, 37°, or 40° (landing).

For the deflected flap configurations, the two flaps are attached to the trailing edge of the wing spar with the flap
track fairings. The IB flap has one flap-track fairing per configuration or angle and the OB flap has two flap-track
fairings per configuration or angle. The fairings double as a structural bracket for holding the flaps to the wing spar.
Pressure tubes are routed through pockets in the flap-track fairings from the flaps to the main spar instrumentation
trough, as can be seen in Figure[9(b)] To accommodate the tubing the flap-track fairings are larger in height, but not in
width, than the ecosystem OML.

The high-lift configurations of the model have a gap between the IB and OB flaps, seen in Figure[I0] The model
could not be designed to have that gap closed because of the different deflection angles the flaps are tested at. The
ecosystem calls for this flap gap to be partially filled as discussed in Section[[I.B.4]
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Cruise Flap Track Fairing Deployed Flap Track Fairing

N8 g

(a) Example CAD of the cruise and deployed flap-track fairings. (b) Example CAD of a deployed flap-track fairing showing
instrumentation routing.

Fig. 9 NASA 5.2% CRM-HL CAD of the flap track fairings.

Fig. 10 Zoomed-in view of the gap between the IB and OB flaps on the NASA 5.2%-scale CRM-HL model
[Photo: NASA].

4. Flap Gap Filling

As stated above, the non-cruise configurations of the model have a flap-to-flap gap at the trailing edge, however
CFD will be run with that gap closed. A portion of this gap was filled following the measurements used on the NASA
10%-scale CRM-HL model at QinetiQ. The filler starts at the leading edge between the two flaps. In the landing
configuration the gap was filled to 2.4 in forward of the IB flap trailing edge (42 in full scale). In the takeoff configuration
the gap was filled to 1.4 in forward of the IB flap trailing edge (24 in full scale). Figure[IT]shows the filler used at NTF
during the landing runs. Filler was used in the gap, and tape was used on the under surface to help keep the filler in place.

5. Nacelle-Pylon

The model can be run with the nacelle-pylon on or off. When the nacelle-pylon is off, a blank plate is installed to fill
in the pylon interface on the underside of the wing, and a slat filler piece is installed on the leading edge to make the slat
one long uninterrupted feature, as seen in Figure[6] The chine on the nacelle is removable, and can be replaced by a
blank plate. The chine can also be moved to three different azimuthal locations on the nacelle. The entire test was run
with the chine on, in the middle position. Figure[12]shows a picture of the nacelle attached to the wing spar, with the
chine in the middle location.

The nacelle has 17 pressure ports that were built into the design, the inclusion of which were enabled by three
dimensional (3D) printing the nacelle. Figure[T3(a)|shows the built in internal features of the nacelle, Figure [[3(b)]
shows a CAD view of the nacelle with pressure tap locations labeled, and Figure [T3(c)| shows a picture of the nacelle
alone with pressure tubing coming out where the pylon attaches. For more information about the additive manufacture
of the nacelle see Ertsgaard and Winski [18]].

The nacelle was additively manufactured out of Inconel 718 and then hand worked to the correct OML and inner
mold line (IML) and to achieve the correct surface finish (8 micro-inches RMS on flow surfaces). The pylon was made
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(c) Flap gap filler with ruler. (d) Flap gap filler, under wing view.

Fig. 11 Flap gap filler between the inboard and the outboard flaps, landing configuration [Photos: NASA].

Fig. 12 Picture of the 5.2%-scale CRM-HL nacelle [Photo: NASA].

using standard manufacturing techniques, not additive manufacturing. The build of the nacelle took four attempts to
achieve acceptable tolerances, but lessons were learned for the future on how to additively manufacture such a large part,
including where to thicken the part to account for shrinkage during heat treating post build.
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Fig. 13 NASA 5.2%-scale CRM-HL nacelle pressure port design [Photo: NASA].

The ecosystem nacelle lip was redesigned after testing of the NASA 10%-scale CRM-HL model, therefore the NASA
5.2%-scale model nacelle-pylon does not match the NASA 10%-scale nacelle-pylon. Because of unexpected shrinkage
mechanics during heat treat of the NASA 5.2%-scale nacelle, the IML of the nacelle does not match design, but the
forward portion, back portion and the minimum were maintained, allowing the flow to be as unaffected as possible.

6. Landing Gear

The model can be run with the landing gear on, or without the landing gear and a cover plate in it’s place. The
landing gear strut, shown in Figure[I4(a)} was additively manufactured [I8] out of Inconel 718 and then hand worked to
the correct OML and surface finish (32 micro-inches RMS). The surface finish was less critical for the landing gear
strut than it was for the nacelle and the rest of the model because the strut itself is a large protuberance that will create
turbulent flow independent of surface roughness. The landing gear wheels and door were fabricated separately from the
landing gear using standard machining practices. The wheels were fixed to the strut with a pin, and were therefore not
free to rotate. Figure[T4(b)| shows a picture of the landing gear installed on the wing spar.

(a) Picture of the additively manu-(b) Picture of the landing gear installed on
factured landing gear strut. 5.2%-scale CRM-HL wing.

Fig. 14 Pictures of the 5.2%-scale CRM-HL landing gear [Photos: NASA].

The ecosystem OML calls for a larger landing gear bay than what could be accommodated on this model, and as a
compromise the landing gear wing interface plate is not flush to the wing, but is a step down into the wing surface by
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design, as seen in Figure[T3]

(a) CAD Drawing of the landing (b) CAD view of the landing gear installed on the wing spar. (c) Picture of the landing gear in-
gear installed on the wing. stalled on the wing spar.

Fig. 15 Landing gear installation on the NASA 5.2%-scale CRM-HL wing [Photo: NASA].

7. Horizontal Tail

The model can be run with or without the horizontal tail. Figure[I6(a)|shows a close up of the horizontal tail, and
Figure[I6(b)|is a picture of the model installed in the NTF with the horizontal tail on. There are four incidence blocks
allowing the horizontal tail to be set to 0°, 4°, 8°, or 12°, but only the 0° incidence block, with the elevator set to 0° was
used during this test.

Most testing was done with no horizontal tail, with a blank plate in place of the horizontal tail as seen in Figure[T6(c)]
The horizontal tail was used for only a small portion of cryo operations because the model access housing can not go
around the horizontal tail in a safe manner, therefore the tunnel needs to be fully switched over to air mode to do a model
change with the tail on. Figure [I[6(d)] shows the access housing installed around the 5.2%-scale CRM-HL semispan
model, with the model cutout portion hitting the rear fuselage in the location the horizontal tail would be if it were
installed on the model. There are pressures and a Kulite on the tail, but they were not hooked up for this test campaign.

8. Deformation Targets

The wing was designed with deformation targets built into two spanwise rows along the wing. The deformation
targets are shallow indentations that are filled with fluorescing paint to be used by the NTF Theia system [19] to measure
wing bending and twist. In previous testing, deformation targets were painted onto the surface of the model, while in the
tunnel, with a fluorescent pen, however the model deformation targets were not able to be sanded down enough to take
away all the height introduced by the fluorescent paint pen, creating a forward facing step on the model. Also, every
time that targets had to be repainted, a new calibration needed to be done because the dots were never painted in the
exact same location. Having a built in location for the targets eliminates the location shift when targets are repainted and
allows the targets to be flush with the model surface instead of on top of the model surface with a step.

Figure [T7(a)] shows the location of the deformation targets on the wing. The five targets shown in yellow were
painted on, because those locations were missed during the model build, resulting in 11 built in targets instead of the
planned 16. Figure [I7(b)] shows pictures of the deformation targets on the wing and on the tunnel wall which were
reference targets for the Theia system.
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(c) View of the rear of the CRM-HL model with a blank (d) CRM-HL model with the access housing installed
plate in place of the horizontal tail. around it.

Fig. 16 Pictures of the horizontal tail installation on the NASA 5.2%-scale CRM-HL model [Photos: NASA].
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(b) Picture of the filled deformation targets on the wing, and the

(a) Deformation target locations.
calibration or reference targets on the tunnel wall.

Fig. 17 Deformation target locations on the NASA CRM-HL 5.2%-scale model, used for wing bending and
twist calculations [Photo: NASA].
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C. Trip Dots

Trip dots, used to force transition of the flow from laminar to turbulent, were applied to the model following the
ecosystem location definition. Figure [I8]shows the layout of the transition strips, in red, on the NASA 5.2%-scale
CRM-HL model in the NTF, the 14x22 and the NWB. The flow is expected to transition to turbulent on its own in high
Reynolds number flow, so the trip dots on the wing were removed for cryogenic (high Reynolds number) runs, but were
left on the nacelle and on the model nose and standoff nose.

Fig. 18 Trip dot locations (bright red) on the NASA 5.2%-scale CRM-HL model in the 14x22, the NWB, and in
the NTF (low RE runs).

Table [2]lists the locations on the model where trip dots were applied. Trip dot location is measured to/from the
center of the trip dot [20]. Trip dots for all locations on the model were 0.005 in high (5 thou, 0.127mm), with a 0.050
in diameter (1.27mm), and a 0.10 in (2.54mm) center to center spacing.

D. Model Installation

The semispan model was mounted in the NTF tunnel on the far wall of the tunnel (right wall while facing forward
toward the contraction into the flow), midway between the floor and ceiling, at tunnel station 13, which is 13 feet
downstream of the start of the test section and midway up the wall, approx 43.5 inches above the top of the floor fillet.
Table [3]lists the installation hardware for the semispan assembly.

Figure[I9]shows the attachment assembly between the model and the balance. The balance was located outside of
the model in the Sidewall Model Support System (SMSS), which was attached to the backside of the test section wall. A
top hat, a model adapter and a model adapter spacer were used to attached the fuselage, using the fuselage mounting
block, to the balance at the correct distance off of the tunnel wall. The wing tang, at the root of the wing, mates to the
fuselage at the fuselage mounting block. The fuselage mounting block can be removed from the fuselage, whereas the
wing tang is part of the wing. All of these parts were metric, meaning that the balance felt the weight of the parts. A
1" thick phenolic spacer was installed between the top hat and the balance to provide thermal insulation between the
balance and the model hardware, which could get very cold during cryogenic operations. Keys were used between the
top hat and model adapter, and between the model adapter and the adapter spacer to prevent the assembly from rotating.
The wing tang attached the wing to the fuselage mounting block.

Figure 20| shows the attachment assembly between the model and the tunnel wall. Note that while the figure shows
the NASA 2.7%-scale fuselage the assembly is the same for the NASA 5.2%-scale fuselage. A standoff or peniche is a
plate that follows the contours of the semispan fuselage that abuts up to the tunnel wall, but is not part of, or attached to
the model. The standoft is used to offset the model from the tunnel wall to get the model out of the wall boundary layer.
The standoff is non-metric and mounts to the turntable which attaches to the balance housing (both non-metric). The
turntable becomes part of the tunnel wall. There is a single model attitude drive that attaches to and controls the balance
and the balance housing. This allows the balance housing, the turntable and the standoff to rotate with the balance and
the model as model attitude is set and maintains a suitable fuselage to standoff alignment.

The 2 in standoff for the fuselage was used for the installation of the NASA 5.2%-scale CRM-HL model in the NTF,
and a gap between the standoff and the fuselage of 0.25 in was set all around. The 2 in standoff itself is not 2 in thick,
but with the 0.25 in gap the resulting distance from the wall to the fuselage is 2 in. Both the standoff and the model
have tongue and groove or puzzle like lips, forming a labyrinth seal between the standoff (non-metric) and the fuselage
(metric) to prevent airflow between the two while also keeping them far enough apart to prevent fouling [21]]. The seal is
part of the back of the fuselage, it is a slot cut into the standoff in a tongue and groove arrangement. The labyrinth seal
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Fig. 19 NTF-117S balance attachment assembly to the 5.2%-scale CRM-HL.
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Fig. 20 Semispan attachment assembly to the tunnel.
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Table 2 Trip Dot Locations.

Component Position (in) Note
Wing Upper In between slats only
1B 0.8 in 0.8 in from the Leading Edge of the inboard section
of the wing (strake). Measured perpendicular to the
leading edge
MB 0.6in 0.6 in from the Leading Edge of the midboard (MB)
section of the wing (over nacelle). Measured perpen-
dicular to the leading edge
OB 0.6in 0.6 in from the Leading Edge of the outboard section of
the wing (tip). Measured perpendicular to the leading
edge
Lower None
Fuselage Nose 1 in Ring around the nose 1.0" aft of hilite, measured parallel
to direction of body stations (streamwise)
Standoft Nose 1in Nose of standoff 1.0 in aft of hilite, measured parallel
to direction of body stations (streamwise), both upper
and lower surfaces.
Nacelle Outer 0.4 in 0.4 in aft of leading edge
Inner 0.9in 0.9 in aft of leading edge

Pylon Top 0.3 1in 0.3 in aft of juncture with nacelle
Side None

HT Upper 10% chord
Lower 10% chord

Table 3 Installation Hardware.

Item Metric
SMSS non-metric
Balance, NTF-117S metric
1-inch thick phenolic spacer metric
Top Hat #1 metric
Model adapter metric
2-inch Spacer metric
Turntable non-metric
Teflon Seal - behind the standoff against the wall non-metric
Backing Plate non-metric
Standoff or Peniche, 2 in non-metric
Labyrinth Seal - between standoff and model non-metric
Mounting block - fuselage to balance metric
Wing tang - wing to fuselage metric
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was designed to have a large enough gap between the model and the standoff to not foul (the standoff is non-metric and
the model is metric), but a small enough gap to restrict as much airflow as possible.

The model and the standoff hang past the turntable so a spring-loaded Teflon seal (or wall seal) is attached in a
groove on the back of the standoff with Teflon clips to act as springs, to help the standoff move more smoothly against
the tunnel wall to maintain a constant contact between the wall and the standoff, sealing off the back from airflow, which
would cause forces on the model unrelated to what we are testing. Because the seal and the standoff are non-metric, the
seal is meant to be just loose enough to allow the springs to move and keep the seal in contact with the wall.

IV. Instrumentation
Several types of instrumentation were used to obtain quantitative data during the test. Details about the types of
measurements made during the test and the instrumentation that was used to obtain the data are outlined below.

A. Model Force and Moment Measurements

The NTF-117S semispan balance resides outside of the model, housed within the SMSS in a heated enclosure. The
balance is a “hot balance,” meaning that it is kept warm at a constant temperature, between 95°F and 100° F, no matter
the temperature of the test section or the model. The NTF-117S was last calibrated on 06/30/2009. The calibration load
and the quoted 95% confidence balance accuracy (BA) of each component, obtained from the balance calibration report,
are below in Table ] Because of the nature of a semispan model there is no side-force gauge, so there are only five
balance components.

Table 4 NTF-117S Balance Design Loads and Accuracy.

Component Full Scale % Full Scale Effective Balance
(Calibration) Accuracy Accuracy (BA)
(95% conf)
Axial Force (AF) +1,800 1b 0.14 2.251b
Side Force (SF) - - -

Normal Force (NF) +12,000 1b 0.05 61b
Rolling Moment (RM)  +669,000 in-1bf 0.12 802.8 in-Ibf
Pitching Moment (PM)  +90,000 in-Ibf 0.16 144 in-1bf
Yawing Moment (YM)  +100,350 in-1bf 0.09 90.3 in-Ibf

1. 95% Balance Coefficient Accuracy

The equations to compute the balance accuracies are provided in Equations[2]to[3] Table[5|presents the balance force
and moment coefficient accuracies at each Q that were run during the test. These accuracies are based on a reference
area (Sger) of 5.58 ft2, a reference span (brer) of 60.15 in., a reference chord (Cgrgr) of 14.34 in., and the 95%
balance accuracy (BA), shown in Table[d] Note that the force and moment coefficient balance accuracies are presented in
the body/model axis system, where the body axis coefficients are Axial Force Coefficient, C 4, Normal Force Coefficient,
Cn , Rolling Moment Coefficient, Cy 1, Pitching Moment Coefficient, Cy 5y, and Yawing Moment Coefficient, Cy .

Balance Accuracy axjalForceCoeff = BAc, = % )
Balance AccuracyNormalForceCoeff = BAcy = % 2)
Balance AccuracygoliingMomentCoeff = BAc,; = o S:;RTbREF 3)
Balance AccuracypjichingMomentCoeff = BAC, 5, = BArv @)

O * SReF * CREF
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BAym
Balance Accuracy yawingMomentCoeff = BAc, y = O+ Srer * brEr )

Table 5 NTF-117S 95% Balance Accuracy of the Force and Moment Coefficients in the Model Axis.

QPSF BAc, BAcy, BAc,, BAc,, BAc,

61 0.0074 0.0176  0.0392 0.0295 0.0044
82 0.0055 0.0131 0.0292 0.0219  0.0033
101 0.0045 0.0106 0.0237 0.0178  0.0027
133 0.0034 0.0081 0.0180 0.0135  0.0020
134 0.0034 0.0080 0.0178 0.0134  0.0020
138 0.0033 0.0078 0.0173 0.0130  0.0019
149 0.0030 0.0072 0.0161 0.0121  0.0018
157 0.0029 0.0068 0.0152 0.0115 0.0017
202 0.0022 0.0053 0.0118 0.0089 0.0013
207 0.0022 0.0052 0.0116 0.0087  0.0013
210 0.0022 0.0051 0.0114 0.0086  0.0013
232 0.0019 0.0046 0.0103 0.0078  0.0012
240 0.0019 0.0045 0.0100 0.0075  0.0011
264 0.0017 0.0041 0.0091 0.0068 0.0010
268 0.0017 0.0040 0.0089 0.0067  0.0010
288 0.0016 0.0037 0.0083 0.0062  0.0009
295 0.0015 0.0036 0.0081 0.0061  0.0009
376 0.0012  0.0029 0.0064 0.0048  0.0007

B. Model Angle of Attack

Model angle of attack was measured using an Angle of Attack (AoA) package installed in the aft of the fuselage
shown during model build up in the NTF model preparation area (MPA) in Figure 21| The accuracy of the AoA is
quoted at +0.002° [22].

C. Wing Static Pressure Measurements

Electronically Scanned Pressure (ESP) sensors were used to measure the static pressures on the model. There are a
maximum number of 309 total ports on the wing, and sometimes fewer, depending upon the configuration. The pressure
taps on the wing were pared down from the locations defined by the CRM-HL ecosystem, distributed between 10 wing
chord stations and the nacelle. Figure [22|shows a visual of where the pressure port stations are on the wing. Note there
is a "kink" in the pressure stations at the quarter chord of the wing. The pressure ports are perpendicular to the highlight
of the leading edge and angled to the streamwise direction ahead of the 25% local wing chord.

The wing static pressure measurements were distributed between one 5 psia ESP module, one 15 psia ESP module,
one 30 psia ESP module, and two 45 psia ESP modules. The model ESPs were installed in the forward part of the
semispan fuselage distributed in two heater boxes, shown in Figure 23] All of the pressure tubing from the wing was run
to the modules and data cables were run from the ESPs out the heater boxes, through the SMSS instrumentation pass
through to the data system.

D. Fouling Circuits

Fouling strips were installed on the standoff side of the labyrinth seal, in the 4 locations the fuselage was most likely
to foul against the standoff shown in Figure [24] Fouling occurs when a metric (measured by the balance) part comes in
contact with something that is not metric (not measured by the balance), causing forces to be transferred from the metric
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in the Rear Fuselage Access

Fig. 21 Model AoA package [Photos: NASA].
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Fig. 22 Pressure Port Stations on the Wing.

part to the non-metric part, or the forces from the non-metric part to be transferred to the metric part, resulting in the
balance not accurately capturing the actual loads on the model. The fouling circuits cause an alarm to sound in the
control room and a flag to appear in the data file if the model was to foul against the standoff. Any data taken during
model fouling would have been labeled bad, but no fouling was detected during testing.

V. Data Acquisition and Processing
All data acquisition and processing was performed using standard NTF processes. Classical wall corrections [23]]
were applied to the data. Tunnel calibration to Mach number, buoyancy correction to drag, and thermal expansion
corrections were applied to the final reduced data. Flow angularity corrections were not applied since the model did not
lend itself to doing flow angularity measurements. No type of base pressure correction was applied to the data.

A. Facility Parameter Tolerances

Tablel6]lists facility parameter tolerances used during testing for taking data. Note that these are set point tolerances,
not accuracy of the reading. The NTF automated test taking system was used to set the tunnel conditions and the model
angle of attack, and to assure that data were taking with all parameters within the set tolerances. Tolerances can be set
tighter, however that can increase time per point. The tunnel parameters needed to be inside of the in-limit tolerance for
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(a) Zoomed out view of the ESP heater boxes mid-insallation. ~ (b) Close up view of the ESP heater boxes in the fuselage, mid-
installation.

Fig. 23 ESP heater boxes during installation in the NASA 5.2%-scale CRM-HL model [Photos: NASA].
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(a) Aft standoff fouling strip placement. (b) Forward standoff fouling strip placement.

Fig. 24 Fouling strip placement on the standoff.

the on-point timer to be started. If the parameter went outside of the out-of-limit tolerance, the timer would reset and
the system would continue to wait until the tunnel was on condition. In general, data were not taken when the tunnel
conditions were outside of these tolerance ranges. If achieving a condition became too time consuming a data point
could be taken manually, at the test engineer’s discretion, with the tunnel conditions outside of the selected tolerances.
This was rarely done.

Table 6 Tolerances for Facility Parameters.

Parameter In-Limit Tolerance =~ Out-of-Limit Tolerance = On-Point Timer
Mach Number +0.0010 +0.0015 1.0 seconds
Total Pressure +0.03 psi +0.04 psi 1.0 seconds
Total Temperature +2.0°F +2.5°F 1.0 seconds
Model Angle of Attack +0.09° +0.10° 0.1 seconds

B. Data Acquisition Rates
Table[7)lists the rates and times used for collecting data during testing for the Data Acquisition System (DAS).
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Table 7 Data Acquisition Rates.

Acquisition Rate/Time

Acquisition Rate 40 Hz
Acquisition Time 4 sec
Filter Frequency 1 Hz
ESP Scan Rate 10 Hz

C. Axis System

The data presented within this paper are in the stability axis system, namely drag coefficient (Cp), lift coefficient
(CL), and pitching moment coefficient (C,,). Equations[/|to |§| show how the data are transferred to the stability axis
from the model body axis by the angle of attack angle, . Figure 23]shows a visual representation of the model to
stability axis transformation.

Drag Coefficient = Cp = C4 * cos(a) + Cn * sin(a@) 6)

Lift Coefficient = Cp = Cn * cos(a) — Cy * sin(a@) @)

Rolling Moment Coefficient Stability Axis = Crrs = Cpp * cos(@) + Cpy * sin(@) ®)
Pitching Moment Coeflicient Stability Axis = C,, = Cppm )

Yawing Moment Coeflicient Stability Axis = Cpys = Cpn * cos(a) — Cpp * sin(a) (10)

Relative Wind
—

a

Stability Axis

@
g
g
E
z
=

Fig. 25 Axis system.

VI. Test Results and Discussion

This section is not meant to be a comprehensive analysis of the data, but to provide an overview of the test data. The
scope of this paper is a documentation of the test, and not an examination of the data, as data analysis are presented in
other papers. A more in depth analysis of the Reynolds number effects in this test is available in Langston et al [24]. An
analysis of the pressure data from this test is available in Langston et al [25]. An analysis of select model configuration
trends from the test of this same model in the 14x22 can be found in Winski et al [8]. Analysis of the data from this
model being tested at the NWB tunnel is available in Puelm et al. [9] and [10]. Force and moment are presented in the
stability axis.

A. Repeatability

Repeat runs were conducted throughout testing to provide confidence in the model, the instrumentation, and in the
data set. Two sets or repeat plots are provided herein, both run on the baseline landing configuration, Landing - Nacelle
On, one set run in air operations at Rec 3.33 million, and one set of repeats all run in cryogenic operations at Rec 30
million.
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Figure 26| plots for three runs with the model in the Landing - Nacelle On configuration run in air mode at Mach
0.20, Rec 3.33 million, and Q 133 PSF. These plots include Cr, Cp, and C,, as a function of alpha; a drag polar is also
depicted. Error bars on the force and moment plots show the 95% balance accuracy from Table[5} Runs 37 (blue) and
38 (red) were run one after the other for short term repeatability. Run 66 (orange) was run more than 7 weeks later after
4 separate model changes had occurred, providing long term repeatability comparison data. Run 38 was a reduced alpha
polar with fewer points taken than the alpha polars for runs 37 and 66, this reduced resolution can most clearly be seen
in the drag polar plot (bottom left) in the lower Cp, lower Cy, range, where the red line misses a portion of the curve.
The repeatability is well within the balance accuracy for short term and long term repeat runs. Cr, , Wwas between

2.357 and 2.365 for the three runs, occurring between 17° and 17.5° alpha. It can be hard to pinpoint Cy,,,, . when
taking discrete data points at 0.5° increments near Cy, but the data still do repeat well.
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Fig. 26 Force and moment repeat plots for the NASA 5.2%-scale CRM-HL model, Landing - Nacelle On
configuration, Mach 0.20, Re 3.33 million, with bars representing the 95% balance accuracy.

Example residual calculations are shown in Equations [[T]to [T3] where i is for an individual run, and n is the number
of runs being averaged. Plotting the residuals gives a visual representation of the repeatability of the data, showing each
point’s deviation from the average of all the points at a specific condition. Figure[27]is a plot of the Cz, Cp, and Cp,
residuals for the same runs shown in Figure [26] with the 95% balance accuracy shown in green. At the lower angles of
attack the drag coefficient from run 38 trends slightly off from runs 37 and 66. The lift coefficient is more scattered at
alphas post stall, which is normal and expected due to the more dynamic flow physics seen post stall.

z"C‘Ll:n

Lift Coefficient Residual = ACr, = Cy, — (11)
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. . 2Cp,,
Drag Coefficient Residual = ACp, = Cp, — ———— (12)
n

z:C‘”'ll:n
n

Pitching Moment Coeflicient Residual = AC,,; = Gy, — (13)
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Fig. 27 Force and moment residual plots for repeat runs of the NASA 5.2%-scale CRM-HL model, Landing -
Nacelle On configuration, Mach 0.20, Re 3.33 million.

Figures 28| and [29)are the same parameters as Figures [26]and [27] but run in cryogenic operations at a tunnel
temperature of -250°F to achieve a Rec of 30 million. Figure 28]plots for three runs with the model in the Landing -
Nacelle On configuration run in nitrogen (N,) at Mach 0.20, Re¢ 30 million, and Q 294 PSF. These plots include Cy,
Cp, and Gy, as a function of alpha; a drag polar is also depicted. Error bars on the force and moment plots show the
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95% balance accuracy from Table[5} Runs 96 and 99 are considered short term repeats, as they were run on the same
day with no model changes occurring between the runs, but there were two tunnel condition changes between the runs.
Run 99 (red) was a reduced alpha polar with fewer points taken than the alpha polar for runs 96 (blue), this reduced
resolution can most clearly be seen in the drag polar plot (bottom left) in the lower Cp, lower Cr, range, where the red
line misses a portion of the drag polar curve. Cr, and Cp trend very closely together, while C,,, trends similarly between
the runs, but there is more variability seen between the runs. Cy,,, was 2.43 for both runs, occurring at 17.5° and 18°
alpha respectively.

—]— NTF-237 Run 096
0.4 — I NTF-237 Run 099

-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
Alpha, deg Alpha, deg

-0.26 1
-0.28
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-0.32

-0.36
-0.38
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0.42 : | | | | J
-5 0 5 10 15 20 25
Alpha, deg

Fig. 28 Force and moment repeat plots for the NASA 5.2%-scale CRM-HL model, Landing - Nacelle On
configuration, Mach 0.20, Re 30 million, with bars representing the 95% balance accuracy.

Figure 29]is a plot of the residuals for the same runs shown in Figure 28] with the 95% balance accuracy shown in
green. Cr, Cp and C,,, have some divergence at negative angles of attack, with a few points falling outside of the 95%
balance accuracy. Both Cr and Cp have a single residual point that falls outside of the 95% balance accuracy post stall,
which is not unexpected because of the more dynamic flow physics seen post stall.
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Test Run Mach ReC (mill) Q (psf)
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Fig. 29 Force and moment residual plots for repeat runs of the NASA 5.2%-scale CRM-HL model, Landing -
Nacelle On configuration, Mach 0.20, Re 30 million.
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B. Tunnel Conditions

As noted in Section[V-A] data are taken when the tunnel conditions are within a certain tolerance of the set condition,
listed in Table[] to increase data quality. Figures[30]and [3T]show plots of the tunnel Mach and tunnel total temperature
(Tr) for the repeat runs plotted in Figures 26] at Rec 3.33 million, and 28] Rec 30 million, respectively. It can be seen
that while a few data points were taken with the tunnel conditions slightly outside of the in-limit tolerance noted in
Table [6] both Mach and temperature were held relatively constant during data taking.
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Fig. 30 Tunnel condition repeat plots for the NASA 5.2%-scale CRM-HL model, Landing - Nacelle On
configuration, Mach 0.20, Rec 3.33 million.
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Fig. 31 Tunnel condition repeat plots for the NASA 5.2%-scale CRM-HL model, Landing - Nacelle On
configuration, Mach 0.20, Re 30 mill.
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C. Reynolds Number Trends

Collecting high Reynolds number data on the ecosystem CRM-HL was the main focus of this test. While a more in
depth look into the Reynolds number effects is discussed in Langston et al. [24]], a short overview is worthy of discussion
in this paper. Figure[32]is a log plot of Cy,,, for the model in the baseline landing configuration, Landing - Nacelle
On, at Rec between 1.6 million and 30 million. Error bars on the Cr,, . values show the 95% balance accuracy from
Table[5] Cy,,,, increases as Rec increases, as expected. Cp,,,. level out (reduced slope) more quickly at the lower
Reynolds numbers, and begins to even out at the higher Reynolds numbers. Runs at Re¢ of 5.49 million and 16 million
have Cy,, . plotted for runs at different Qs. For both Q comparison sets the run at the higher Q had the higher Cr,,, ,
though the variation was within the 95% balance accuracy. Note that Q affects the calculation for balance accuracy in
terms of the coefficients, so runs at the same Reynolds number, but at different Qs will have different quoted 95% balane
accuracy.
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Fig. 32 CLjpsux vs. Rec for the NASA 5.2%-scale CRM-HL model, Landing - Nacelle On configuration, Mach
0.20 at varying Re¢’s in the NTF.

Figure [33] shows plots for a select set of runs plotted in Figure 32] with the model in the Landing - Nacelle On
configuration run at Mach 0.20, at Rec’s between 1.6 million and 30 million. These plots include Cr, Cp, and C,,
as a function of alpha; a drag polar is also depicted. Cy,,,, increases as Rec increases, as expected. Table|[§]lists the
CL,na, for each run shown in Figures [32]and [33|as well as the run conditions and the alpha at which Cy,,, occurred,
alphac,,, -

D. Taping Runs, Leak Path Check

During the NTF test a set of five runs were done, each with an increasing amount of tape on the wing, on both the
lower and upper surface. Areas of the wing that were carefully taped or filled included all cover plates, the spoiler to
spar seam, the strake to wing seam at the leading edge, the WUSS insert, the wing to fuselage junction, and the flap to
fuselage junction. Of note is that the cavities in the wing were filled with instrumentation and epoxy, which would
also block any airflow is there were open seams, and most joints on the model were lap joints which greatly reduce the
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Table8 Cg, . for the NASA 5.2%-scale CRM-HL Model, Landing - Nacelle On configuration, Mach 0.20 for
the Rec Variation Plots, Figures [3;2] and @

Test Run Rec (10°) Q (PSF) alphac,, = CL

max

237 65 1.60 61 17.5° 2272
237 38 3.33 133 17.5° 2.357
237 66 3.33 133 17.5° 2.365
237 37 3.33 133 17.0° 2.358
237 64 5.49 207 17.5° 2.393
237 82 5.49 138 17.0° 2.390
237 93 16 239 17.5° 2422
237 98 16 157 17.5° 2415
237 96 30 294 17.5° 2.434
237 99 30 295 18.0° 2.436

chance of air flowing through the joints. All seams were taped for the final taping run. Figure [34]shows pictures of the
upper and lower surface of the wing with tape (silver tape) over all of the seams for the leak path check runs.

Figure [35]is a plot of Cy, for the wing taped runs versus a clean wing (blue). Table[9]lists the taping scheme for each
of the runs plotted in the figure. No increase in lift or Cy,, , was seen with the wing taped on all seams (green) vs. the
clean wing (blue). Cr,,,, . ranged from 2.390 (Run 156) to 2.395 (Run 157) for the five runs, with the clean wing Cr, ..
of 2.393 (Run 64) and the fully taped wing Cy,, . of 2.392 (Run 158). From this study, the team concluded that there
are no significant leak paths on the NASA 5.2%-scale CRM-HL wing.

Table 9 Model Taping Scheme for Runs in Figure

Legend Label Data Color  Taping Scheme

Clean Wing Blue No tape

Taped Wing Scheme 1  Red Taped over eight cover plates on the trailing edge on the underside of the wing
Taped Wing Scheme 2 Yellow Above tape plus

Tape over the WUSS to wing junction on the underside of the wing

Tape around the flow visualization plug blank on the under side of the wing
Taped Wing Scheme 3 Purple Above tape plus

Taped any previously un-taped seams on the underside of the wing

Added filler all the way around the wing-to-fuselage intersection
All Wing Seams Taped Green Above tape plus

Taped all seams on the upper surface of the wing

E. Wing Bending and Twist

The CRM-HL baseline OML was designed to match the OML of an airplane in loading from flight, not while it
is sitting on the ground. While wind tunnel models are relatively stiff compared to a full-scale airplane, they do still
bend and twist slightly while under load during testing. This deformation of the wing changes the wing OML, which
changes the wing loading and may cause significant deviations in the results. The Theia system at NTF [19] was used
throughout testing to measure wing bending and wing twist using deformation targets on the wing, shown in Figure[T7}

The wing bending and wing twist were calculated along the span of the wing on the elastic axis. The elastic axis is
defined as the spanwise line on the wing where loading would produce only bending of the wing, no twist, and it is the
axis on the wing about which the wing twists. A line was drawn between each of the 8 leading-edge and trailing edge
deformation target pairs and the deformations calculations are applied at the intersection of each of these 8 lines with
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(a) Taped upper surface of the wing for leak at check. (b) Taped Lower surface of the wing for leak path check.

Fig. 34 Taping of the wing for leak path checks [Photos: NASA].
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—I—All wing seams taped

—I-Clean wing
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—f—All wing seams taped
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Fig. 35 NASA 5.2%-scale CRM-HL, Landing - Nacelle On, Mach 0.20, Rec 5.5 million. C, vs. alpha plot of
the NASA CRM-HL model clean wing vs. taped wing.

the elastic axis.

Figure [36] shows representative Theia results for two runs of the NASA 5.2%-scale CRM-HL model during testing
in the NTF. These data are for the model in the Landing - Nacelle On configuration, at Mach 0.20. The X-axis is the
spanwise location of the elastic axis on the wing, starting inboard moving outboard where the wing bending and wing
twist were calculated. Figures[36(a) and[36(b) are the wing bending and wing twist from run 82 at Rec 5.49 million.
The maximum bending recorded for this run was 0.51 inches near the tip of the wing at alpha 19.5°, the maximum twist
for this run was -0.59° near the tip of the wing at alpha 15°. Figures and [36(d)| are the wing bending and wing
twist from run 99 at Rec 30 million. The maximum bending recorded for this run was 1.03 inches near the tip of the
wing at alpha 22°, the maximum twist for this run was -0.97° near the tip of the wing at alpha 15°.

The maximum recorded wing bending during testing was a 1.11 inch deflection near the wing tip with the model in
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the clean landing configuration, Landing - Nacelle Off, at alpha 18.5°, Mach 0.20, Rec 30 million, and Q 295 PSF.
The maximum recorded wing twist during testing was -1.07° in incidence near the tip of the wing at alpha 16° during
the same run on which the maximum wing bending was recorded. As expected, both wing bending and wing twist
increased, moving from inboard to outboard over the span of the wing, and both also increased as Q increased. Wing
bending tended to increase from the lowest alphas to slightly past Cy,,, . before slightly decreasing. Wing twist tended
to increase (in the negative direction) from lower alphas to alpha angles slightly below Cy,, . , before slightly decreasing.
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angle of attack [deg]
twist [deg]
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(a) NTF Test 237 Run 82, Rec 5.49 million, wing bending measure- (b) NTF Test 237 Run 82, Rec 5.49 million, wing twist measurement.
ment.
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(c) NTF Test 237 Run 99, Rec 30 million, wing bending measure- (d) NTF Test 237 Run 99, Rec 30 million, wing twist measurement.
ment.

Fig. 36 Theia wing bending and wing twist measurements on the NASA 5.2%-scale CRM-HL model, Landing -
Nacelle On configurations, Mach 0.20.
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VII. Concluding Remarks

A wind tunnel test of the NASA 5.2%-scale CRM-HL model was conducted in the NASA Langley National
Transonic Facility wind tunnel. This test acquired valuable high Reynolds number data for the CRM-HL ecosystem.
The NASA 5.2%-scale CRM-HL model was built and designed to match the CRM-HL ecosystem reference geometry.
The model was tested in eight different configurations, including four landing, two landing with ice shapes installed, and
two takeoff configurations. The test was run in both air and in nitrogen with tunnel freestream conditions ranging from
120°F to -250°F, a Mach number range of 0.20 to 0.35, and chord Reynolds numbers of 1.61 million to 30 million
(matching flight Reynolds number). Repeatability plots and residual plots show good within test repeatability, within
the balance accuracy for most points, giving confidence in the data. The tunnel was run using best tunnel practices,
including holding tight tolerances on the tunnel Mach number and total temperature while taking data. Cr,, _1is shown
to increase with increasing Rec, as expected. Taping runs concluded that the model did not have any leak paths from
the lower surface to the upper surface of the wing. Wind bending and twist were measured throughout testing, some
representative results were shown.
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