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A review is presented of recent research, development, testing and evaluation activities
related to entry, descent and landing that have been conducted at the NASA Langley
Research Center. An overview of the test facilities, model development and fabrication
capabilities, and instrumentation and measurement techniques employed in this work is
provided.  Contributions to hypersonic/supersonic flight and planetary exploration
programs are detailed, as are fundamental research and development activities.

I. Introduction

In this paper, experimental aerothermodynamic capabilities for Entry, Descent, and Landing (EDL) at the NASA
Langley Research Center (LaRC) will be reviewed and a resume of recent flight mission support and research and
development activities will be presented. Historically, NASA LaRC has provided experimental aerothermodynamic
support to all of the Agency’s hypersonic flight programs from the initial Gemini-Mercury-Apollo space race to
development of the Space Shuttle and exploration of Mars. More recently, LaRC experimental capabilities have
been key contributors to the Mars Science Laboratory and Orion Multi-Purpose Crew Vehicle programs. The focus
of this review will be on mid to low lift-to-drag (L/D) ratio type vehicle geometries; LaRC contributions to other
types of hypersonic flight programs (e.g. winged craft, propulsion demonstrations), such as the Shuttle Orbiter, “X-
Planes” (e.g. X-33, X-34, X-38), and hypersonic flight research (X-43, HIFire, etc.) have been documented
extensively elsewhere.

Mission safety and success for any EDL program requires a detailed understanding of the aerothermodynamic
environment, which encompasses the inter-related areas of aerodynamics (static, dynamic, and aeroelastic), heat-
transfer (convective and radiative), fluid mechanics (shock-shock interactions, boundary-layer transition, flow
separation and attachment) and high-temperature thermodynamics (gas kinetics and chemistry).
Aerothermodynamic EDL environments can be defined through ground-test experimentation, Computational Fluid
Dynamics (CFD) simulations, and/or flight-testing. For most EDL missions, none of these disciplines alone can
provide all the required aerothermodynamic information and in an ideal situation all three would be employed. In
general though, flight-testing is prohibitively expensive, whereas CFD simulation capabilities are less expensive and
have seen extensive development in the last few decades, supplanting ground-test experimentation as the primary
tool for the design and development of EDL missions. However, there are many complex aerothermodynamic
phenomena for which CFD methods are impractical, inaccurate, or un-validated such as: boundary-layer transition;
micro-feature environments (surface gaps, cavities, protrusions, etc.); unsteady wake flows; shock-shock
interactions; retropropulsion and reaction control system (RCS) jet performance and interactions; and surface-
roughness heating augmentation which must instead be defined through wind tunnel testing. In recent years,
obtaining high-fidelity data for computational model development and validation for such phenomena has become
one of the primary roles of wind tunnel testing, in addition to its customary role of producing data for vehicle
design, development, and performance evaluation. Therefore, the discipline of experimental aerothermodynamics
will continue to be a critical contributor to EDL for the foreseeable future.
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1. Review of EDL Facilities and Capabilities at NASA LaRC

A. Facility Roster

The Langley Aerothermodynamic Laboratories (LAL) current roster includes four conventional, perfect-gas,
hypersonic blow-down wind tunnels (Figure 1): the 31-Inch Mach 10 Air Tunnel; the 20-Inch Mach 6 Air Tunnel,
the 15-Inch High-Temperature Mach 6 Air Tunnel; and the 20-Inch Mach 6 CF, tunnel. The 31-Inch Mach 10 and
20-Inch Mach 6 Air tunnels are the workhorse facilities of the LAL in which the majority of testing is conducted.
The 15-Inch High-Temperature Air tunnel, which is a leg of the 31-Inch Mach 10 Air Tunnel, is primarily used for
instrumentation development and diagnostics. The 20-Inch Mach 6 CF, tunnel is currently mothballed and non-
operational. Detailed descriptions of these facilities and a historical perspective on their operation, maintenance,
and upgrades can be found in Refs. 1 and 2.

In addition to the LAL hypersonic tunnels, the supersonic NASA Langley Unitary Plan Wind Tunnel (UPWT)
has also at times been employed in an EDL aerothermodynamics role. The UPWT (Figure 2) is a closed-circuit,
continuous-flow pressure tunnel with separate low supersonic Mach number (1.5 to 2.86) and high supersonic Mach
number (2.3 to 4.63) legs. A detailed description of this facility and its capabilities is given in Refs. 3 and 4.
Operations in the UPWT are currently maintained by Jacobs Engineering under a NASA Space Act Agreement

Information on all NASA wind tunnels across the speed range at Langley (and other centers) can be found at the
NASA Aeronautics Program website http://www.aeronautics.gov/atp.

1. LaRC 31-Inch Mach 10 Air Tunnel

The 31-Inch Mach 10 Air Tunnel is a perfect-gas blow-down facility that uses dried, filtered air as the working
fluid. The tunnel has been calibrated for reservoir conditions varying from 150 psi to 1450 psi at an operating
temperature of 1850 deg-R, which produces free-stream Reynolds numbers from 0.25 x 10%ft to 2.2 x 10°%ft. The
nozzle is water-cooled, has a 3-D contour and ends with 1.07 in-square throat. The 31-inch square test section
features abundant optical access (side, top and bottom windows) for visual imaging techniques and has a side-
mounted injection system with a -10-deg to +45-deg pitch range and +5-deg yaw range. The test core varies from
approximately 12-in x 12-in. at the lowest Reynolds number to 14-in. x 14-in. at the highest Reynolds number. This
tunnel has the highest Mach number of the LAL facilities and is mainly employed in aerodynamic studies and fluid-
mechanics studies. The high stagnation temperature of the facility also make it suitable for aftbody/wake heating
studies where heating rates are much lower than those on the forebody and are more difficult to measure accurately.

2. LaRC 20-Inch Mach 6 Air Tunnel

The 20-Inch Mach 6 Air Tunnel is a perfect-gas, blow-down facility that uses dried, filtered air as the working
fluid. The tunnel has been calibrated for reservoir conditions varying from 30 psi to 475 psi at operating
temperatures from 760 deg-R to 940 deg-R, which produce free-stream Reynolds numbers from 0.5 x 10%/ft to 8.0 x
10%/ft at Mach numbers from 5.75 to 6.05. The nozzle has a 2-D (top and bottom) contour with parallel side-walls
that end in a 0.399-in x 20-in. throat. The 20.5-in x 20-in. test section has a core size that varies with Reynolds
number from approximately 13-in. x 12-in. to 14-in x 16-in. Optical access is provided through windows on the top
and sides. The injection system is bottom mounted and has a -5-deg to +55-deg pitch range and +10-deg yaw range.
With its wide Reynolds number operating range capable of producing laminar, transitional and turbulent flow, the
tunnel is primarily used for heat-transfer and boundary-layer transition studies.

3. LaRC 15-Inch Mach 6 High-Temperature Air Tunnel

The 15-Inch Mach 6 Air High-Temperature Tunnel is a perfect-gas, blow-down facility that uses dried, filtered
air as the working fluid. It operates from the same supply gas reservoir as the 31-Inch Mach 10 Tunnel and so it is
considered to be a leg of that facility. While this facility operates at approximately the same Mach number and
Reynolds numbers as the 20-Inch Mach 6 Air Tunnel, the stagnation temperature is much higher and thus it is
referred to as a “high-temperature” Mach 6 tunnel in contrast to the 20-Inch Mach 6 Air Tunnel. The tunnel has
been calibrated for reservoir conditions from 50 psi to 450 psi at temperatures of 940 deg-R to 1260 deg-R which
0.5 x 10%ft to 6.0 x 10%ft. The axisymmetric nozzle has a 1.81-in. throat diameter and a 14.57-in. diameter exit into
an open-jet test section. The test core is approximately 10-in. diameter. The injection system is floor-mounted and
has a pitch range of -10-deg to +50-deg and a yaw range of £10-deg. Because of its high stagnation temperature,
this facility is primarily used as a test-bed for development of non-intrusive flow-field diagnostic techniques such as
laser-induced fluorescence.

4. LaRC 20-Inch Mach 6 CF,4 Tunnel

The 20-Inch Mach 6 CF4 Tunnel is a blow-down facility that uses pure CF, for the working fluid to produce a
much higher shock density ratio than the other perfect-gas air tunnels (p./p; ~ 11 for CF, as opposed to p,/p; ~ 5-6
for air). The tunnel is calibrated for reservoir conditions from 100 psi to 2000 psi at a stagnation temperature of
1100 deg-R to 1480 deg-R, which produces free-stream Reynolds numbers from 0.5 x 10%ft to 0.75 x 10%ft at a
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Mach number of 5.9 to 6.0. The tunnel’s axisymmetric nozzle has a 0.446-in. throat and a 20.0-in. exit into an open-
jet test section. The injection system is floor-mounted and has a pitch range of -10-deg to +50-deg and a yaw range
of £10-deg. This facility is primarily used in an aerodynamics role. Because the thermodynamic properties of CF,
produce shock-density ratios comparable to that of high-temperature, reacting air at Mach numbers of 13 to 18, it
provides a low-cost simulation of aerodynamic characteristics at “flight-like” conditions.

5. LaRC Unitary Plan Wind Tunnel

The UPWT is a closed-circuit, continuous flow tunnel with two separate, 4 ft x 4t cross-section, 7 ft long test
sections. Test Section 1 operates over a Mach number range of 1.50 to 2.86 with a stagnation pressure of up to 50
psia. Test Section 2 operates over a Mach number range of 2.30 to 4.63 with a stagnation pressure of up to 100 psia.
Air supply is provided by a 100,000 hp compressor. Both test sections have axisymmetric, sliding-block nozzles
that vary the throat-to-test-section ratio to provide their respective Mach number ranges. With its continuous flow
operational mode, the facility is primarily used for aerodynamic database development, although aerodynamic
configuration screening and aeroheating testing can also be performed.

LaRC 20-Inch Mach 6 CF4 Tunnel LaRC 20-Inch Mach 6 Air Tunnel

Figure 1. Hypersonic Wind Tunnels of the Langley Aerothermodynamic Laboratories
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Figure 2. Langley Unitary Plan Wind Tunnel

B. Personnel

Experimental EDL activities at LaRC are centered in the Aerothermodynamics Branch, which maintains primary
responsibility for testing in the LAL hypersonic facilities. This branch is also the center for development,
maintenance, and application of high fidelity CFD tools for EDL studies. EDL testing in the LaRC UPWT is mainly
conducted by the LaRC Configuration Aerodynamics Branch personnel and occasionally by Aerothermodynamics
Branch personnel. EDL activities dealing with systems integration, mission simulation, and flight-database
development are performed in the LaRC Atmospheric Flight and Entry Systems Branch. The complement of these
organizations is in excess of 100 researchers, although not all are continuously involved in EDL-related activities.

C. Test Techniques

Measurement capabilities available in these hypersonic and supersonic facilities include a variety of discrete and
global surface heat-transfer techniques; surface pressure and aerodynamic force-and-moment measurements,
including stage-separation and RCS interactions; and flow-field visualization and diagnostics.

1. Global Surface Measurement Techniques

Phosphor thermography (Refs. 5 and 6) is the most commonly used heat-transfer measurement technique in the
LAL hypersonic tunnels. This technique provides global heat-transfer (and boundary-layer transition onset)
information with an order-of-magnitude more data points than discrete-gage techniques at a fraction of the cost.
Phosphor-thermography measurements are performed on cast-ceramic models that have been coated with a
phosphor compound that fluoresces in two distinct regions (green and red) of the visible light spectrum. Wind
tunnel models are illuminated by ultraviolet light sources to stimulate emissions and images of the resulting
fluorescent intensity are recorded before and during a run.  The intensity data are converted to temperatures and
then heat-transfer distributions are computed from the difference between pre-run and run temperatures using one-
dimensional, constant heat-transfer coefficient conduction theory. The resulting heat-transfer data are provided as
two-dimensional (2-D) image data files and line-plot data sets can be extracted from the images at various stations.
Additionally, image mapping of the 2-D data set to a three-dimensional surface geometry can be performed for use
in data visualization software, which allows for direct comparisons to computed surface heating distributions.

Infrared thermography (Ref. 7) can also be employed in the LAL hypersonic tunnels as well as in the UPWT.
In this technique, infrared emissions from a wind tunnel model are recorded and converted to temperatures using the
emissivity of the model surface, which must be determined before testing. The pre-run and run temperature
distributions are then used to determine heat-transfer rates using the same methods as for phosphor-thermography.
As with phosphor thermography, this technique provides quantitative global surface heating data.

Pressure-sensitive and temperature-sensitive paint techniques (Ref. 8) are available for obtaining global surface
pressure and temperature data. Both techniques depend on paint coatings that incorporate oxygen-sensitive
luminescent materials; for PSP, the sensitivity is pressure dependent and for TSP the sensitivity is temperature
dependent. These techniques provide 2-D mappings of surface pressure or temperature and methods of mapping
these data to three-dimensional surfaces are available.

Qil flow visualization is employed to obtain surface flow-field patterns. In this technique, smooth-surfaced
models are painted black and then coated with oils of various viscosities (depending on expected surface shear
levels) that have been mixed with white pigment. Shear-forces at the surface cause the oil to move and coalesce
along near-surface streamlines patterns and flow separation and reattachment lines.

2. Discrete Surface Measurement Techniques

A variety of discrete surface temperature, pressure, and heat-transfer measurement techniques are available in
both the LAL hypersonic tunnels and the UPWT. Discrete measurement techniques are generally more expensive
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than global techniques and provide less spatial resolution. However, their use is often necessitated in situations
when temporal data are required (e.g. for unsteady surface pressure or heat-transfer measurements), when optical
access for imaging techniques is not possible (e.g. under wings or flaps), or when the properties to be measured are
outside the range of optical techniques (e.g. very low surface temperature changes).

Discrete surface temperature and heat-transfer measurement techniques include thin-film resistance heat-transfer
gages, coaxial thermocouples, and thin-skin calorimeter gages (i.e. back-face thermocouples), all of which also
provide surface temperature measurements from which heat-transfer rates can be determined. Typical applications
of these techniques are presented for thin-films in Ref. 9, thin-skin gages in Ref. 10, and coaxial thermocouples in
Ref. 11. A general overview of the principles, applications and analysis methods for these techniques is provided in
Ref. 12.

Discrete surface pressure instrumentation can be used for measurements of static and high-frequency, fluctuating
pressures. Electronically-scanned pressure (ESP) transducer models are typically used for static measurements and
PCB piezoelectric transducers or Kulite piezoresistive transducers are used for dynamic measurements (e.g. Ref.
13).

3. Aerodynamic Force and Moment Measurements

Force and moment measurements are performed using internal strain-gage balances. A roster of balances is
available that covers a wide ranges of loads and sensitivities. Most balances provide six-component (normal, axial,
and side forces and roll, pitch and yaw moments) and are water-cooled to compensate for aerodynamic heating.
Typical balance applications are for the measurement of static forces and moments generated on a single model due
to aerodynamic loads. However, multiple balances can employed for stage separation and interactions studies (e.g.
Ref. 14). Aerodynamic performance and interaction effects due to RCS and retropropulsion jet firings can also be
measured with five-component (no axial force) flow-through balances.

4. Flow-Field Diagnostics and Visualization Techniques

Schlieren systems are available for visualization of flow-field shock structures in all tunnels; laser vapor
screening can also be employed in the UPWT. A variety of planar laser-induced fluorescence (PLIF) techniques
(Refs. 15 and 16) can be employed to obtain velocimetry information on flow-field features such as boundary-layer
transition, RCS plume expansion, etc. Pressure surveys can be performed using pitot probes to measure both time-
averaged (Ref. 17) flow quality and fluctuations (Ref. 18) that contribute to boundary-layer transition.

D. Model Fabrication and Instrumentation

Several methods are employed for fabrication of modesl to be tested in the LAL hypersonic tunnels and the
UPWT. Depending on the model type and instrumentation requirements, model fabrication can be performed “in-
house” at Langley (Refs. 19 and 20) or models can be supplied by the test customer.

Machining of metallic force-and-moment models can be performed by Langley or its contractors or by the
customer. Rapid-prototyping methods for force-and-moment models using casting or deposition processes are also
available at Langley

For discrete surface pressure measurements, commercially available sensors are purchased and integrated into
models. For global surface pressure (and temperature) coating of models with PSP (or TSP) is performed on-site

For discrete surface heat-transfer measurements with coaxial thermocouple, commercially-available sensors are
purchased and integrated into a model.  Thin-film and thin-skin sensors are usually produced and integrated at
Langley. Techniques exist for use of thin-films on machined ceramic (e.g. Macor) or quartz models or on inserts, as
well as for deposition on silica cast-ceramic models.

The fabrication of models for use with phosphor thermography is a specialized technique developed at Langley
for this application. Model patterns are first generated (typically) using a rapid-prototyping stereo-lithography
apparatus (SLA). An investment mold is then constructed from the SLA patterns and cured. A silica-ceramic slip
cast is then made from the mold and sintered at high-temperature. Finally, the slip-cast ceramic model is and fired
at high temperature and then coated with thermographic phosphor.

E. Synergy with In-House Computational Capabilities

Experimental studies at Langley are typically conducted in conjunction with computational simulations. The
joint experimental-computational approach allows for validation of computational models, CFD definition of
parameters for correlation or scaling to flight of the experimental data, and the use of computed flow-field properties
to provide insight into the flow-physics (e.g. shock structure and interactions, boundary-layer separation and
reattachment, sonic-line location, etc.) that produce the experimentally-measured properties.

For hypersonic conditions, the most commonly used tool is the LAURA (Langley Aerothermodynamic Upwind
Relaxation Algorithm) code (Ref. 21). LAURA is a three-dimensional, structured, finite-volume Navier-Stokes
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codes which provides a variety of models for thermodynamic, kinetic and radiation phenomena. For computations
at LAL wind tunnel conditions, a perfect-gas thermodynamic model is usually employed along with algebraic
turbulence models when required.

For supersonic flow simulations, the FUN3D and OVERFLOW solvers are typically employed. Both are three-
dimensional, compressible-flow, Navier-Stokes solvers. To deal with complex topologies, FUN3D (Ref. 22) uses
unstructured grids, while OVERFLOW (Ref. 23) uses multiple, overset structured grids. FUN3D can also be
employed for simulation of complex geometries and flow-fields at low-enthalpy, hypersonic conditions and
Kinetic/thermodynamic models required for high-enthalpy, hypersonic simulations are being developed and
validated for FUN3D (Ref. 24).

For the more specialized application of boundary-layer transition prediction, the stability code LASTRAC
(Langley Stability and Transition Analysis Code) can be employed in conjunction with experimental studies.
LASTRAC (Ref. 25) uses both quasi-parallel linear stability theory (LST) and Parabolized Stability Equations (PST)
for stability analysis and N-factor correlation of boundary layers.

F. Off-site Testing Support

In addition to conducting testing in the hypersonic LAL tunnels and the UPWT, the research staff has extensive
experience in conducting research at other NASA, government, and commercial/academic facilities. In the
following sections, testing performed by Langley researchers at off-site facilities such as CUBRC (Calspan
University of Buffalo Research Center), AEDC (Arnold Engineering Development Center) and NASA ARC (Ames
Research Center) will also be highlighted along with discussions of testing conducted at Langley.

I11. Flight Programs

A. Mars Science Laboratory (MSL)

The successful landing of the Mars Science Laboratory’s “Curiosity” Rover in August 2012 was enabled through
EDL environment definition studies performed by NASA, including wind tunnel testing. Because the MSL entry
vehicle (Figure 3) had the largest size (4.5 m diam.) and greatest mass (~3380 kg) of any probe ever sent to Mars,
extensive computational modeling and experimental testing was conducted (e.g. Ref. 26) in order to define
aeroheating environments, boundary-layer transition characteristics, aerodynamics, and RCS performance and
interactions. These computational studies were complemented by experimental work conducted in Langley's
hypersonic/supersonic wind tunnels or led by LaRC researchers working at other off-site facilities.
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1. Heat Shield Attachment-Point Cavities

During initial development of the MSL entry vehicle, the mission configuration called for it to be mounted on
the launch vehicle stack with the heat shield facing down (Figure 4). The attachment points for mounting the entry
vehicle to the cruise stage thus would have been on the heat shield, leaving cavities in the heat shield after it
separated from the cruise stage. Aeroheating tests (Ref. 27) were conducted in the LaRC 20-Inch Mach 6 Air
Tunnel using global phosphor thermography to define the effects of the cavities on boundary-layer transition and
heating. Data from MSL models with a range of cavity diameters and locations (Figure 5) were classified according

to the cavity’s effects on the boundary layer as “laminar”, “local disturbance”, “transition downstream”, and
“turbulent at cavity”. Correlations were then developed (Figure 6) in terms of the ratio of cavity diameter to
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boundary-layer height (w/3) vs. momentum thickness Reynolds number (Reg) for the boundaries below which all
data were laminar and above which all data were turbulent at the penetration. When applied to the MSL entry
trajectory conditions, the correlations showed that the heat-shield cavities would produce transition very early in the
flight. These expected adverse heating effects contributed to the decision to re-orient the heat shield to face upward,
with the attachment points relocated to the aftbody where their effects would be less severe.
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Figure 6. Correlation of MSL heat-shield cavity transition data from LaRC 20-Inch Mach 6 Air Tunnel

2. Turbulent Aeroheating

Because of the large size of its aeroshell (4.5 m diam.), high-angle of attack (~16-deg) and high-entry velocity
(~5.6 km/s) the possibility of turbulent flow being produced on the leeside of the aeroshell was an early design
consideration. Preliminary testing in the LaRC 20-Inch Mach 6 Air Tunnel (Ref. 28) was conducted using 6-in. and
7-in. diameter models over a Reynolds number range of 4.0 x 10%ft to 7.3 x 10°%ft at angles of attack of 11-deg to
20-deg using global phosphor thermography. The data (Figure 7 - Figure 8) showed boundary-layer transition
leeward of the heat shield stagnation point with heating levels up to 25% higher than the peak laminar level at the
nose. LaRC-led testing (Ref. 29) was conducted next in the AEDC Hypervelocity Tunnel 9. Testing was performed
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at high Reynolds numbers to obtain a fully-turbulent data set for comparison with CFD predictions in order to help
assess computational uncertainty levels. Aeroheating measurements were made using a coaxial-thermocouple
instrumented model (Figure 9). Based on the resulting good comparisons between turbulent data and predictions,
such as for the sample case shown in Figure 10, the algebraic Baldwin-Lomax model was adopted as the design
method for turbulent conditions.
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3. Supersonic Aerodynamics

While the hypersonic aerodynamics of the MSL entry vehicle were based in part on heritage data and analysis
from the Mars Viking mission and in part on modern CFD predictions, aerodynamic force-and-moment testing was
performed (Ref. 30) in the LaRC UPWT (Figure 11) to verify the expected supersonic performance. Data were
obtained for Mach numbers of 1.6 to 4.5 with angles-of-attack up to 36-deg. Good comparisons (Figure 12) were
obtained between Viking-heritage data, CFD, and the new wind tunnel aerodynamic data.
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Figure 11. MSL force-and-moment model in (deg)
LaRC UPWT Figure 12. MSL axial force data from LaRC UPWT

4. RCS Performance and Interactions

The MSL entry vehicle has 4 pairs of dual jets oriented to provide roll, pitch, and yaw control through firings of
different pairs. This configuration (Figure 13) is considerably different from that of Viking, so heritage data did not
apply. The computational challenges in modeling wake flows with RCS were considerable, therefore, supersonic
and hypersonic testing of the RCS jets was conducted (Ref. 30, 31) in the LaRC UPWT and LaRC 31-Inch Mach 10
Air Tunnel, respectively to gather aerodynamic interaction data. Data were obtained (Figure 14) at angles-of-attack
of 0-deg to -30-deg in the 31-Inch Mach 10 Air Tunnel and at -15-deg to +15-deg, in the UPWT with Mach numbers
of 2.5 - 4.5. Flow-field imaging of the RCS jet structure (Figure 15) was also performed in the 31-Inch Mach 10
Air Tunnel tests using PLIF (Ref. 32). Because of the difficulties in both computational and experimental
simulations of RCS jet interactions only qualitative results were obtained. However, the general finding was that the
maximum interaction effects were less than 30% of the RCS-generated torques, which was within the control
authority of the system.

9
American Institute of Aeronautics and Astronautics



0.01 |-
L —— Fun3D, S-A
£ —@— Run90

0.005 -

0,005 | 40% of ideal C, (OMLS config.)

AC, (x,,=0.30, 2,,=0.0)
o

OOl — = = = = — m e — - - -

UPWT data, Mach 2.5
+X 50 - I I

~—{}—— old OVERFLOW
—%j— new OVERFLOW

_______1_____ —O— Testars

25

7

4
YN

/0

-25
i 16'9“981326_;3"5_ I S I @)

-5935 -30 -25 -2|0 -5 -10 I5 0 5 110
a (deg)
31-Inch Mach 10 Air Tunnel data
Figure 14. MSL RCS interaction data from LaRC UPWT and 31-Inch

Figure 13. MSL RCS layout Mach 10 Air Tunnels

{Thrust in opposite
direction)

Un-smoothed Smoothed

Figure 15. PLIF Visualization of MSL RCS jet flow field from 31-Inch Mach 10 Air Tunnel

5. MMRTG Breakup Analysis

MSL’s Curiosity rover is powered by a Multi-Mission Radioisotope Thermoelectric Generator (MMRTG),
which converts the heat released by the decay of Plutonium-238 into electricity. Because the MMRTG (Figure 16)
contains radioactive material, a breakup analysis was performed to verify the safety of the MMTRG in case of a
launch accident. The multiple-finned geometry of the MMRTG was too complex for efficient simulation using
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CFD, therefore the safety analysis was based in part on aerodynamic force-and-moment and global phosphor
thermography aeroheating data (Figure 17) obtained through testing in the LaRC 31-Inch Mach 10 Air Tunnel.

/I
Figure 16. MMRTG power unit for MSL Figure 17. MMRTG global heating data from LaRC 31-Inch
Curiosity rover Mach 10 Air Tunnel

B. Orion MPCV

The Orion Multi-Purpose Crew Vehicle (MPCV), which was previously known as the Crew Exploration Vehicle
(CEV), is an Apollo-like capsule being developed by NASA as a re-entry vehicle for human missions beyond Low
Earth Orbit (LEO), as well as possibly for use in servicing the International Space Station. Despite some heritage
relationship with the Apollo design, the Orion (Figure 18) will be considerably larger, with higher heating rates and
aerodynamic loads, and will differ geometrically from Apollo (mainly in the shape of the crew-compartment).
Therefore, an intensive computational and experimental analysis was performed by the CEV Computational
Aerosciences Project (CAP) to define aerothermodynamic environments for the vehicle. Overall summaries of the
CAP experimental aeroheating and aerodynamic test programs are presented in Refs. 33 and 34, respectively.
Studies performed at LaRC facilities or led by LaRC researchers at off-site facilities are discussed below.
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Figure 18. Orion Multi-Purpose Crew Vehicle preliminary design - photograph of mock-up and schematic
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1. Boundary-Layer Transition and Turbulence

Because of the large size of the Orion (~5 m diam.), its high-angle of attack during entry (18-deg to 28-deg), and
it high entry velocity (up to 11 km/sec for Lunar return missions), a turbulent flow design environment has been
specified for the vehicle. Several experimental studies were thus conducted to obtain turbulent aeroheating data on
the vehicle.

In the first test series (Refs. 35 and 36), aeroheating data were obtained in the LaRC 20-Inch Mach 6 Air Tunnel
(CAP Test 31-CH) and 31-Inch Mach 10 Air Tunnel (CAP Test 32-CH) using global phosphor thermography.
Aeroheating data were gathered on the heat-shield (forebody) and crew compartment (aftbody) in both tests.
Sample heat-shield data from the Mach 6 tests (with turbulent flow produced using boundary-layer trips) are shown
in Figure 19 and Figure 20. Turbulent CFD predictions compared well to the tripped heat-shield data. Sample
crew-compartment data from the Mach 10 tests are shown in Figure 21. Flow on the crew-compartment was found
to remain laminar at the test conditions.

Figure 19. Orion heating data from LaRC 20-Inch Mach 6 Air Tunnel showing effects of trip placement
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Figure 20. Orion heat-shield centerline heating data Figure 21. Orion crew-compartment centerline
from LaRC 20-Inch Mach 6 Air Tunnel and heating data from LaRC 31-Inch Mach 10 Air Tunnel
comparisons with CFD and comparisons with CFD

LaRC-led testing was then conducted (Ref. 37) in the AEDC Hypervelocity Tunnel 9 (CAP Test 36-CH) in order
to obtain naturally turbulent data at very high Reynolds numbers for comparisons with CFD turbulence models.
Aeroheating data were obtained at discrete heat-shield and crew-compartment locations using a thermocouple-
instrumented model. Algebraic turbulence models (Cebeci-Smith and Baldwin-Lomax) were demonstrated to
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compare very well to these experimental data and were adopted as the design methodology for the program.
Computational predictions were in good agreement with both laminar and turbulent data at Mach 8 and Mach 10 test
conditions (Figure 22). Preliminary, smooth-wall transition correlations were also generated from these data; heat-
shield transition occurred in the Rey = 200-300 range, while transition on the crew compartment occurred around
Rey = 400.

The wind tunnel model fabricated for the AEDC test was also tested in the LaRC 20-Inch Mach 6 Air Tunnel
(CAP Test 56-CH). Boundary-layer trips were employed to obtain data at turbulent flow conditions (Ref. 38) and
the onset of natural boundary-layer transition was examined (Ref. 39). The boundary-layer transition data from this
test reinforced the turbulent design philosophy of the program by demonstrating transition at Rey levels comparable
to those expected in flight. Additionally, the tripped data from this test and from the AEDC test of the same model
were used to formulate preliminary protuberance boundary-layer transition criteria (Figure 23 - Figure 24). Finally,

this test-series provided an opportunity to validate the acquisition of heat-transfer data during continuous pitch-
sweep operating mode as was done in the prior AEDC test.
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Figure 22. Orion heat-shield centerline heating data at multiple Reynolds numbers from AEDC
Hypervelocity Tunnel 9 and comparisons with CFD
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Figure 23. Orion heat-shield data from LaRC 20-Inch  Figure 24. Trip-effectiveness correlation developed
Mach 6 Air Tunnel showing trips effects at various from LaRC and AEDC data sets on Orion heat-
locations shield

2. Compression Pad Cavities

Unlike MSL, Orion will carry crew who must be seated in an upright position during launch. Thus, the vehicle
must be oriented heat-shield downward which means that the cavities for the compression pad attachment points
will be located on the heat-shield. The mechanical design of the attachment mechanism has gone through many
design iterations. Initially, an 8-pad layout was considered with the possibility that tension ties would remain
protruding from the heat-shield after separation from the service module. Various cavity and tension-tie sizes and
tension tie locations were examined (Figure 25) through global phosphor thermography testing (Refs. 40 and 41) in
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the LaRC 20-Inch Mach 6 Air Tunnel (CAP Test 30-CH). Heating augmentation levels of up to 3 times that of a
smooth OML were measured (Figure 26).

Schematic

Configuration Image

Model Photo
N/A

Baseline
Annular Compression Pad
No Tension Tie

Recessed Compression Pad
No Tension Tie

Laminar Approaching Boundary Layer
Outboard Tension Tie

Recessed Compression Pad
Outboard Tension Tie

Annular Compression Pad
Concentric Tension Tie

N/A
Annular Compression Pad O o

Recessed Compression Pad ‘
Concentric Tension Tie Turbulent Approaching Boundary Layer
Figure 25. Initial Orion Figure 26. Orion heating data from LaRC 20-Inch Mach 6 Air Tunnel
compression-pad parameters showing compression-pad effects

In the next design iteration, a 6-pad layout with recessed compression-pad cavities of various depths, diameters
and bevel angles was considered (Refs. 42 - 44). Global phosphor thermography aeroheating measurements were
made at laminar, transitional, and turbulent boundary-layer conditions in the LaRC 31-Inch Mach 10 Air and 20-
Inch Mach 6 Air Tunnels (CAP Tests 66-CH, 86-CH, and 87-CH). Similarly to the previous compression pad study,
heating augmentation levels of up to 3 times that of a smooth OML were measured (Figure 27 and Figure 28).
Boundary-layer transition data from both of these tests were correlated in terms of flow-field parameters.
Comparisons to similar data from the MSL program revealed that the MSL and Orion cavity aspect ratios
(diameter/depth) differed so greatly that the two data sets could not be reconciled. As per the terminology used in
cavity-flow studies, the MSL cavities are deep and narrow, producing “open” cavity flow (separated, rotating flow
within the cavity) and the Orion cavities are wide and shallow, producing “closed” cavity flow (boundary-layer
attachment on the cavity floor). A closed-flow transition correlation for these data (Figure 29) was developed in a
similar manner to the open-flow correlation for the MSL program.

=10, Re, =0.52x10°/ft =10, Re, = 0.70x 10%ft =6, Re, = 2.08x10°ft =6, Re, = 2.94x 10%/ft
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Figure 27. Orion compression-pad heating data from Figure 28. Orion compression-pad heating data
LaRC 31-Inch Mach 10 Air Tunnel from LaRC 20-Inch Mach 6 Air Tunnel
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Figure 29. Correlation of Orion compression-pad transition onset data

3. Roughness Effects

The Orion heat shield is manufactured from Avcoat, which is an ablative material. Since ablative materials produce
rough surfaces that can promote early boundary-layer transition and cause augmented turbulent heating levels (in
comparison to smooth-surfaces), a preliminary investigation (Ref. 45) of these effects was conducted in AEDC
Hypervelocity Tunnel 9 (CAP Test 41-CH). For this test, an Orion model with interchangeable forebody segments
was fabricated; each segment was machined with patterned hemispherical roughness elements of different diameters
and patterns (Figure 30). Augmented heating levels 125% to 175% of smooth-wall turbulent predictions were
measured in these tests.

CEV Forebody Model Showing Roughness Strip

3D Optical Scans of Roughness
for Quality Inspection

4 mil High Hemispheres 4 mil High Hemispheres 8 mil High Hemispheres 4 mil High Hemispheres
Close Spacing Medium Spacing Medium Spacing Wide Spacing

Figure 30. Sample heat-shield roughness patterns tested in AEDC Hypervelocity Tunnel 9
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4. RCS Interactions

The Orion will have several sets of RCS jets for pitch, roll and yaw control during entry. The effects of RCS jet
firings on surface heating and pressure and on flow-field structure were studied during several tests in the 31-Inch
Mach 10 Air Tunnel (CAP Tests 37-CH, 63-CH, and 95-CH). Pressure-sensitive and temperature-sensitive paints
were employed to map the surface pressure and heating footprints of the RCS jets on the crew compartment (Refs. 8,
46 - 49). Typical pressure and heating interaction footprints for roll jet and yaw jet firings at different test
conditions and jet exhaust pressures are shown in Figure 31 and Figure 32. RCS effects on the wake flow-structure
were also examined using PLIF (Refs. 50 - 51) as shown in Figure 33.
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Figure 31. Orion RCS roll-jet interactions pressure and heating data from
LaRC 31-Inch Mach 10 Air Tunnel
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Figure 32. Orion RCS yaw-jet interactions pressure and heating data from
LaRC 31-Inch Mach 10 Air Tunnel
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Schlieren only PLIF superimposed

Figure 33. Schlieren and PLIF imaging of Orion RCS from LaRC 31-Inch Mach 10 Air

5. Crew Module Hypersonic and Supersonic Aerodynamics

A hypersonic aerodynamic database of force-and-moment, schlieren, and oil-flow measurements was generated
(Refs. 52 - 53) on the Orion Crew Module in the LaRC 20-Inch Mach 6 Air Tunnel (CAP Test 05-CA). Six separate
models with different sting mounting orientations were built to allow testing across a range of angles-of-attack from
-5-deg to 185-deg to cover all possible launch-abort scenarios (Figure 34 - Figure 35).

Testing was conducted in the LaRC UPWT (CAP Test 03-CA) in order to develop a database on supersonic
aerodynamics for the Orion (Ref. 52 and 54). Force-and-moment aerodynamic data were obtained at angles-of-
attack of 140-deg to 170-deg on both a clean model and on a model with boundary-layer trips on the heat-shield
(Figure 36). Surface pressure measurements were made using ESP sensors and boundary-layer transition
information was obtained using temperature-sensitive paint and infrared thermography (Figure 37). Mach number
and Reynolds number effects were studied through testing at Mach numbers of 1.6 to 4.5 with Reynolds numbers of
0.5x10° to 1.5x10° based on diameter.

Model Photograph Oil Flow Schlieren
Figure 34. Orion CM Aerodynamic testing in LaRC 20-Inch Mach 6 Air Tunnel
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Figure 36. Orion CM aerodynamic data as a function of Mach number from testing in LaRC UPWT
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(¢) Low Reynolds Number, with trips (d) High Reynolds number, with\trips

Figure 37. Infrared and Temperature-Sensitive Paint images of Orion CM with and
without boundary-layer trips from LaRC UPWT

6. Launch Abort System Aerodynamics

The Orion Launch Abort System (LAS) would be used to provide a safe abort in the case of an emergency on the
pad or during ascent. The LAS (Figure 38) consists of a Launch Abort Tower (LAT) that is attached by a fairing to
the Crew Module (CM). The LAT contains both an Abort Motor to pull the joined CM and LAT away from the
launch vehicle and an Attitude Control Motor (ACM) to provide steering and control of the system.

Extensive testing of the Orion launch abort system was conducted by LaRC researchers in both LaRC facilities
and in off-site wind tunnels. Interactions due to body-proximity between the CM and separated LAT and due to jet
firings were studied (Ref. 55) through force-and-moment testing with powered thrusters in the transonic AEDC
Propulsion Wind Tunnel (PWT) 16T (CAP Test 24-AA) and in the 9x7-Foot Supersonic Leg of the ARC UPWT
(CAP Test 25-AA). Approximately 2000 runs were performed to obtain data on the effects of vehicle separation
distance, thrust settings, Mach number, and Reynolds numbers (e.g. Figure 39).

Aerodynamic performance and jet interaction data for the ACM were obtained (Ref. 56) through force-and-
moment testing with powered and un-powered thrusters (e.g. Figure 40) in the 11x11-Foot Transonic Wind Tunnel
and 9x7-Foot Supersonic Wind Tunnel legs of the ARC UPWT and also in the LaRC UPWT. Approximately 4000
runs were performed to generate an aerodynamic performance database.

ACM trims LAV at ~0 deg alpha

during ACM coast phase. L‘ . a ACM damps turnaround
X rates for tower jettison

ACM controls LAV while R
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ACM turns LAV to A JM fire, LAT (tower)
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Figure 38. Orion Launch Abort System
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Figure 39. Schlieren image from ARC UPWT  Figure 40. Jet-on and jet-off schlieren images from
showing CM-LAT interactions LaRC UPWT

C. IRVE

The IRVE-3 mission in 2012 (Ref. 57) was the second successful flight demonstration (after the IRVE-2
mission) of a hypersonic inflatable aerodynamic decelerator (HIAD). The reentry vehicle (Figure 41) consisted of a
solid cylindrical center-body with an aeroshell comprised of seven inflated toroids covered by a flexible TPS (Ref.
58). Because the flexible aeroshell was expected to elastically deform during flight, an experimental aeroheating
study was conducted in the LaRC 20-Inch Mach 6 Air Tunnel to determine possible effects on heating and
boundary-layer transition. A series of rigid models (e.g. Figure 42) representing various magnitudes of deflection of
the OML were tested using global phosphor thermography to measure heating distributions (Figure 43). Even for
very small deflections, early boundary-layer transition and heating augmentation above turbulent levels was
observed. Fortunately however, for this specific mission the heating augmentation did not affect the design of the
vehicle. Because of the unusual mission profile for the flight, which was launched by a small sounding rocket, the
nose radius of the vehicle was kept as small as possible to maximize heating levels as a test of the TPS performance.
The observed experimental heating levels on the flank of the aeroshell, while considerably higher than smooth OML
levels, remained lower than that of the nose stagnation point, which was the design criteria for the TPS.
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Figure 41. IRVE-3 schematic and photograph of inflated test article
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Figure 42. IRVE-3 wind tunnel model with OML  Figure 43. IRVE-3 deflected OML heating data from
deflections LaRC 20-Inch Mach 6 Air Tunnel

D. Genesis Solar-Wind Sample Return Mission

The Genesis mission (2001-2004) returned solar wind particles to Earth aboard a 60-deg sphere-cone Sample
Return Capsule (SRC). The SRC was mounted to the spacecraft bus through attachment points on its heat shield,
which left cavities in the heat-shield after separation. To assist in the design of the aeroshell, cavities of various
sizes and locations were tested to determine the largest cavity size that could be used while keeping the resulting
heating augmentation levels below those of the stagnation point. Aeroheating data were obtained (Ref. 59) using
global phosphor thermography in the LaRC 20-Inch Mach 6 Air Tunnel. Sample data are shown in Figure 44, along
with correlations of boundary-layer laminar and turbulent boundaries in terms of cavity diameter to boundary-layer
height (w/3) vs. momentum thickness Reynolds number (Rep). These correlations were used to size and place the
cavities on the flight vehicle.

350
300
250
Genesis Sample Return Vehicle 200
stacked on transit stage
Reg
150
100
50
Aeroheating data on 0 5 10 15 20
model with cavities w/d

Figure 44. Correlation of Genesis heat-shield cavity transition data from LaRC 20-Inch Mach 6 Air Tunnel
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E. Mars Microprobe

The Mars Microprobes (Figure 45) were carried aboard the failed 1998 Mars Surveyor Mission and were
intended to penetrate the Martian surface to return data on subsurface conditions. Testing of the Microprobe
geometry was conducted (Ref. 60) in the LaRC 20-Inch Mach 6 Air Tunnel to support development of the TPS
system. Data were obtained on a 4-inch diameter model over a range of angles-of-attack using global phosphor
thermography. Of particular interest were heating levels on the aftbody of the vehicle. Comparisons were made
(Figure 46) between data from the test and predictions for flight, with both scaled to the respective forebody
stagnation point heating levels. Good comparisons were obtained, which contributed to validation of the TPS
design.
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Figure 45. Microprobes attached (top) to Mars 98 Figure 46. Microprobe aftbody heating predictions
Lander compared to LaRC 20-Inch Mach 6 Air Tunnel data

IV. Research and Development

In addition to direct support for the development of NASA flight programs, Langley’s experimental
aerothermodynamics capabilities are also employed in the development of EDL technologies, CFD validation, entry
vehicle preliminary design studies and configuration assessment, etc. Highlights of recent research and
development programs are presented in this section, some of which are ongoing efforts that have not yet been
published elsewhere.

A. Mid Lift-to-Drag Ratio Entry Vehicle

System analysis studies (e.g. Refs. 61 and 62) conducted by NASA have demonstrated that the heritage
architecture employed by all previous NASA EDL missions to Mars, that of a 70-deg sphere entry vehicle, cannot
provide the aerodynamic performance required to decelerate and accurately land the high-mass payloads (10 mt to
50 mt) projected for future robotic sample return or human exploration missions. One of the architectural options
proposed for such missions is that of a Mid Lift-to-Drag (L/D) ratio entry vehicle. The required L/D performance
range of ~0.4 to 0.8 for these missions could be generated by long, slender geometries such as biconics or ellipsleds.

Testing was performed (Ref. 63) in the 20-Inch Mach 6 Air Tunnel in order to assess the aeroheating
characteristics of several Mid-L/D vehicle geometries. Three different configuration families were considered:
“Ellipsled” geometries, which consist of an elliptically-blunted nose and a cylindrical aftbody with both circular and
flattened cross-sections; “COBRA” geometries (from Co-Optimization of Blunt-body Re-entry Analysis) that were
developed through an optimization algorithm (Ref. 64) to meet mission criteria such as landed mass, convective
heating rate, aerodynamic performance; and “Hammerhead” geometries based on dual-use (ascent and reentry)
application of a launch vehicle shroud (Ref. 65).

Laminar, transitional, and turbulent data were obtained using global phosphor thermography. A sample set of
heating data from several configurations is shown in Figure 47. Boundary-layer transition onset characteristics
varied with configuration. Centerline, stream-wise transition onset was observed on all but one of the tested
configurations with varying lengths of fully-developed turbulent flow. Additionally, “feathered” heating patterns
indicative of cross-flow transition were observed off-centerline for several of the geometries.  Laminar CFD
predictions were found to be in good agreement with laminar data, as were turbulent predictions with turbulent data
(Reference 63) as shown in Figure 48.
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B. Supersonic Retropropulsion

An alternative architecture to Mid-L/D geometries for future high-mass NASA missions (Refs. 61 and 62) is the use
of Supersonic Retropropulsion (SRP). An SRP system for EDL would use the aerodynamics of a rigid aeroshell for
deceleration through the hypersonic regime, followed by firing of thrusters through the heat-shield for supersonic
deceleration. The flow-field created by the thruster exhaust directed into a supersonic flow would be extremely
complex (e.g. Figure 49); thus experimental data for computational model development and validation is crucial.

In an ongoing SRP research program, surface pressure, and flow-field data have been generated in the LaRC
UPWT (Ref. 66). A 5-in. diam., 70-deg sphere-cone with a 9.55-in. cylinder aftbody was used as the test article
(Figure 50). This model was configured to have one to four supersonic nozzles with 4:1 area ratios. Sample
schlieren and surface pressure data for a single-nozzle configuration are shown in Figure 51 and Figure 52; tri-
nozzle and quad-nozzle data sets are also available.

In addition to the UPWT test at high supersonic Mach number conditions, data were also obtained in a LaRC-led
test at lower supersonic Mach numbers in the Ames Research Center (ARC) 9x7-Foot Supersonic Wind Tunnel
(Ref. 67). The model used in the prior LaRC UPWT test was also used in this study. Sample tri-nozzle schlieren
and surface pressure data from this test are shown in Figure 53 and Figure 54. CFD studies are being performed to
generate comparisons with these data (e.g. Ref. 68).
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C. Aerodynamic Trim-Tabs

Unlike earlier Mars probes, the recent Mars Science Laboratory entry vehicle flew a guided, lifting trajectory in
order to precisely target the landing site for its large payload, the Curiosity Rover. The required lift was generated
by using ballast mass offset from the center-of-gravity to trim the vehicle at a high angle-of-attack (for a blunt body)
of 16-deg. The use of ballast mass for trim control, while mechanically simple, has the obvious drawback of taking
mass away from the missions science payload; for example, the ballast mass on MSL was 318 kg, which was greater
than the mass (174 kg) of one of the earlier Mars Exploration Rovers, Spirit and Opportunity. An alternative
proposed to ballast mass for trim control is the use of small aerodynamic control surfaces to provide additional
pitching moment. The use of these “trim tab” control surfaces was considered for recent Mars missions and has
been proposed for future missions.

Aerodynamic testing of proposed trim-tabs for the cancelled Mars Surveyor 2001 Precision Lander was
performed (Ref. 69) in the LaRC 20-Inch Mach 6 CF, and 20-Inch Mach 6 Air Tunnels. Three trim-tab
configurations were tested at angles-of-attack of 0-deg to 23-deg to determine their effectiveness and the resulting
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trim-angle (Figure 55). Computational predictions were also performed and matched the data to with less than 1%.
The study demonstrated the viability of trim-tabs to provide the required aerodynamic performance, i.e. maintaining
a higher trim angle-of-attack.
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Figure 55. Data from LaRC 20-Inch Mach 6 Air Tunnel showing effects of various trim tab configurations
on pitching-moment for proposed 2001 Mars probe

In the early phase of the MSL program when a 2007 launch was planned (and the MSL acronym stood for Mars
Smart Lander), both aeroheating and aerodynamic studies were performed on trim tabs for the MSL entry vehicle.
Various tab sizes, aspect ratios, and deflections were considered. Aerodynamic data were obtained in the LaRC
UPWT (Ref. 70) and aeroheating data were gathered in the LaRC 20-Inch Mach 6 Air Tunnel (Ref. 71). The
aerodynamic wind tunnel model with the various tab configurations is shown in Figure 56 along with sample
pitching moment data. Each of the trim-tab configurations enabled the vehicle to trim at higher angle-of-attack, thus
generating the higher L/D values required for the mission. Sample global phosphor thermography data on trim tab
effects from the aeroheating test are given in Figure 57. Heating environments on the shelf configuration were
similar to those on the baseline geometry, but heating levels on the canted tab approached or exceeded those at the
stagnation point depending on test conditions.
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Figure 56. Data from LaRC UPWT showing effects of various trim tabs on
pitching-moment coefficient for early MSL configuration
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Figure 57. Data from LaRC 20-Inch Mach 6 Air Tunnel showing heating effects on various
trim-tab configurations for early MSL configuration

D. Distributed Roughness

Ablative heat-shields are employed in most EDL systems, such as Apollo, MSL, Genesis, CEV, etc. While such
missions generally do not experience large ablation rates or shape change effects (with the notable exception of the
Jupiter Galileo probe), the relatively smooth surface of the TPS does become roughened by ablation throughout the
trajectory. At a minimum, this distributed surface roughness acts to promote early onset of boundary-layer
transition. For surface roughness heights that are a significant fraction of the boundary-layer height, heating
augmentation above turbulent levels can be produced. There have been many studies of roughness effects for low-
speed applications (e.g. pipe flows) and for high-speed, slender bodies (e.g. missiles), but less information is
available on blunt-body configurations relevant to NASA EDL missions. Therefore, a study of roughness effects on
blunt-bodies was conducted in the LaRC 20-Inch Mach 6 Air Tunnel. Patterned roughness and distributed
roughness models were fabricated for a variety of EDL configurations (sphere-cones, hemispheres, hemispherical-
cap, and ellipsleds) with roughness heights ranging from essentially smooth to larger than the boundary-layer height.
An example is shown in Figure 58 for a 70-deg sphere-cone with various distributed roughness heights. Heating
data for these models are shown in Figure 59; heating levels of 65% higher than predicted smooth-wall turbulent
levels were measured for this case.
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Figure 58. Distributed roughness sizes on 70-deg sphere-cone models tested in
LaRC 20-Inch Mach 6 Air Tunnel
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Figure 59. Distributed roughness effects on heating for 70-deg sphere-cone model
from the LaRC 20-Inch Mach 6 Air Tunnel
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E. Wake-Flow

Blunt-body wake flows present significant challenges for both ground testing and CFD simulations. In flight,
the wake flow will likely be separated, unsteady, and turbulent. Each of these phenomena presents challenges for
modern computational tools, added to which is the difficulty of generating structured computational grids that can
capture embedded shocks and shear layer as well as concave aftbody geometries. Because of these issues, blunt-
body entry vehicle computations typically include 50% to 100% uncertainty margins over the predicted aftbody
heating values, which demonstrates the need for high-fidelity experimental data for vehicle design and
computational model development and validation. Several studies have been performed in LaRC facilities to obtain
such data.

A proposed Mars sample-return mission was to be based on a large payload sheltered behind an asymmetric,
AFE-like (Aeroassist Flight Experiment) heat shield. Of critical concern was the question of whether the earth-
return capsule (embedded in the aftbody payload) would be exposed to high heating from shear-layer impingement.
To address this problem, tests were performed (Ref. 72) in the LaRC 20-Inch Mach 6 Air and 20-Inch Mach 6 CF,
Tunnels to obtain aeroheating and shear-layer visualization data. Testing in these two facilities provided a wide
range of Reynolds numbers and shock-density ratio conditions in which to study shear-layer behavior. The wake-
flow structure is illustrated in Figure 60 and sample data are shown in Figure 61. The data were correlated to
provide models for shear-layer transition and turning angle and for payload impingement heating.
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Figure 60. Wake flow structure for ~ Figure 61. MSRO Oil-flow and aftbody heating data from LaRC 20-
Mars Sample Return Orbiter Inch Mach 6 Air Tunnel

Recognizing the challenges presented in the simulation of blunt-body wake flows, NATO’s AGARD (Advisory
Group for Aerospace Research and Development) research committee commissioned an international effort (the
AGARD-18 working group, e.g. Ref. 73) to obtain wake-flow data on a generic, 70-deg sphere-cone blunt-body
geometry in multiple facilities across a wide range of test conditions. Langley contributions to this effort were
provided by testing of 2-inch and 6-inch diameter sphere-cone models in the LaRC 31-Inch Mach 10 Air and 20-
Inch Mach 6 Air Tunnels (Refs. 11, 74, 75). The model geometry and general flow-field features are illustrated in
Figure 62.

Both models included discrete heat-transfer sensors (thin-films and/or coaxial thermocouple) on the front and
back of the model and along the sting. Additionally, the test of the 6-inch model in the LaRC 20-Inch Mach 6 Air
Tunnel included wake flow surveys with pitot probes and hot wires in order to map the location of the shear layer
and to determine when and where shear-layer transition occurred (Figure 63). The heat shield and sting data from
these tests are shown for both tunnels in Figure 64 - Figure 65. The collapse of the forebody data when cast in terms
of the Stanton and Reynolds numbers and a compressibility parameter, §, indicates the laminar nature of the
forebody flow in both tunnels for the model scales considered. However, the sting data were found to vary with
both Reynolds and Mach numbers. This behavior demonstrates both that the shear layer was non-laminar and that
the base-flow recirculation region size and shear-layer reattachment point were dependent on Mach number.
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Figure 62. AGARD 18 model wake-flow structure

Velocity fluctuation traces
+):: — —_—

i

+) E ————

e —

E:w"’/\{/\/w."&y Aﬂ.‘.‘w- “‘“"‘P\M'VW*"\ ,,W Y
By {

¥

(
)El‘l\]\'fdv.l'ri" ¥ \ N\' Y, ¥ \ "\ NV "“"(l' M\A:‘

(-)
270000 .
+); Pitot pressure
WL A 26000 at station
G
é § 25000} i
(-) S | Lip shock
£ 2.4000
2
+) = g 23000
O ) 2 22000
E 3 & Shear layer
: 2.1000
Q===
2.0000

0.0 05 1.0 15 2.0 25
Pitot pressure, psia

Flgure 63. Blunt- body near-wake velocity fluctuatlon and pressure data from
LaRC 20-Inch Mach 6 Air Tunnel

30
American Institute of Aeronautics and Astronautics



25

= . Re, ,=0.85x10%/ft 1.0
i . Re, ,=1.72x10%t ’ . Re, ,=0.85x10°/ft
s Re.p=3.30x10%t = Re =1.72:10%
3 o Re.,=5.24x10%it = Re .=3.30x10%t
| a Re_ ;=6.67x10%ft o Re =5.24x10%t
201}, o Re ,=9.25x10%f @ Re. ,=6.67x10%t
I ° Re,;=10.1x10%t 0.8 o Re, ,=9.25x10%/ft
(e . Re_,=12.0x10%t ©  Re.,=10.1x10%t
ec. ©  Re..=20.0x10%it = Re y=12.0x10%t
| : ;| o=12.
- r e ° Re, ;=36.0x107ft . ° Re, ;=20.0x10°/ft
£ .50 LR’ < ° Re, ,=36.0x10%t
§ 7 8.4 § 06
T i SR WUET CHB V0N K VS
a L 9 i
3 - =
8
é’ | [}
x 2]
x 1.0 XX 0.4
m I b
| (%)
.
r .
Bios
- H g
0.5 0.2 e
B Increasing
= Reynolds
| number
- ) 0.0 I T i |
0'%.0 0.2 0.4 0.6 0.8 1.0 %.O 1.0 2.0 3.0 4.0 5.0
xR z/R
Forebody data Sting data

Figure 64. Heating along forebody and sting of AGARD 18 models in LaRC 20-Inch Mach 6 Air Tunnel
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Figure 65. Heating along forebody and sting of AGARD 18 model in LaRC 31-Inch Mach 10 Air Tunnel

F. Blunt-Body Transition and Turbulent Heating Augmentation

Historically, transition and turbulence were not considered to be important for blunt-body EDL systems and little
data were available on these phenomena relevant to blunt bodies. However, with the Mars Science Laboratory and
future missions under consideration, these issues become more important because of the large aeroshell size, high-
entry velocities and lifting trajectories. Recently, several studies have been conducted in order to obtain transition
and turbulent heating data on blunt bodies. In addition to the programmatic studies previously discussed for MSL
(Ref. 28) and Orion (Refs. 35 - 39), data recently have been obtained on a wider range of geometries through
additional testing at LaRC in the 20-Inch Mach 6 Air Tunnel. Global phosphor thermography was employed to
measure transition onset and turbulent heating augmentation on 50-, 60-, and 70-deg sphere-cones, hyperboloids and
ellipsoid-cones of different nose radii. Data were obtained at angles-of-attack from 8-deg to 24-deg across a
Reynolds number range sufficient to produce laminar, transitional and turbulent flow. A sample set of data for each
cone angle at a 16-deg angle-of-attack is shown in Figure 66. The shape and extent of the transition front was found
to vary a great deal with cone angle: at the lowest, 50-deg cone angle separate, off-centerline transition lobes were
produced while for the 70-deg cone angle a broad transition front was produced.
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The experimental database from Orion and MSL testing has been correlated (Ref. 76) to develop engineering
models for transition onset and turbulent heating augmentation. Data from three facilities, the LaRC 20-Inch Mach
6 Air Tunnel, CUBRC LENS I and AEDC Hypervelocity Tunnel 9 were considered. The best correlation was
achieved in terms of the boundary-layer momentum-thickness Reynolds number, Reg vs. the ratio of measured

heating to laminar, predicted heating. As show in Figure 67, boundary-layer transition onset occurred around Reg =
200. The correlation curves then follow an “s-curve” shape that asymptotically approaches a linear relationship.
The Orion data were found to correlate better than the MSL data because of the more uniform surface conditions
over the Orion aeroshell.
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Figure 67. Transition onset and turbulent heating augmentation correlations for Orion and CEV

G. Ballute Physics

Ballutes (from “balloon-parachute”), or to use the now more common term, inflatable aerodynamic decelerators
(1ADs), are under consideration for use at both hypersonic and supersonic speeds as an alternative to rigid
aeroshells. The key aspects of ballutes are their large size and low mass in comparison to rigid systems, resulting in
a much lower ballistic coefficient that produces lower heating rates and greater deceleration at higher altitudes.
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Ballutes generate unique and challenging aerothermodynamic phenomena that must be understood before their use
in actual exploration missions. An inflatable structure may be subjected to large and possibly unsteady aeroelastic
deformations that could have effects on static and dynamic aerodynamics, boundary-layer transition, and
aerodynamic heating. Additionally, towed ballutes will likely experience unsteady flow-interactions between the
bow-shock produced by the ballute and that of the payload.

1. Towed Ballute Heating and Flow-Field Interactions

Testing of a spacecraft with a towed ballute configuration with adjustable tow-length was conducted (Ref. 77) in
the LaRC 20-Inch Mach 6 Air and 20-Inch Mach 6 CF, Tunnels. Flow-field schlieren imagery was generated and
surface heating levels were measured using global phosphor thermography (Figure 68). Unsteady flow was
observed for most tow-lengths. Computational simulations for the test conditions showed large regions of
recirculating flow ahead of the ballute and produced shock-structures that were in qualitative agreement with the
schlieren imagery.

Figure 68. Towed ballute shock-interaction data from LaRC 20-Inch Mach 6 CF4 Tunnel A

2. Attached Ballute Aeroelastic Deformations

Aeroelastic surface deformations of attached ballutes were studied (Ref. 78) in the LaRC 31-Inch Mach 10 Air
and 20-Inch Mach 6 CF4 Tunnels. Quantitative surface deformations measurements (Figure 69) were made using
60-deg sphere-cone models fabricated with polyimide films representative of a proposed ballute material. Video
and still-image recordings were made to show the aeroelastic deflection of the aeroshell under aerodynamic loading.
Schlieren imagery showed the resulting effects of the surface deflections on the flow field.
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Figure 69. Attached ballute aeroelastic deflection data from LaRC 20-Inch Mach 6 CF, Tunnel
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V. Summary
A review has been presented of supersonic/hypersonic experimental capabilities at the Langley Research Center

that support the development of Entry, Descent and Landing systems. Facility operating characteristics, model
fabrication capabilities and measurement/instrumentation techniques have been discussed. Recent contributions to
major NASA flight programs and to research and development activities have been summarized. These capabilities
have been, and will continue to be, applied to flight database generation, configuration development, CFD
benchmarking and fundamental studies of complex aerothermodynamic phenomena.
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