Nitric Oxide Planar Laser-Induced Fluorescence (NO PLIF)
Primary Applications at NASA Langley: Flow visualization, temperature, velocity measurements in hypersonic wind tunnels; contributes to understanding of flow behavior in hypersonic wind tunnels.
Contributions to NASA Programs: Fundamental Aeronautics: Hypersonics, Exploration (Orion Crew Exploration Vehicle), Space Shuttle Return-to-Flight Program, NASA Engineering and Safety Center
NO PLIF uses a pulsed, tunable UV laser to excite nitric oxide that has been seeded into a hypersonic wind tunnel.  The laser beam is formed into a sheet, and an intensified CCD camera images the resulting fluorescence, visualizing of a slice of the flowfield.  If the spectroscopy of NO is understood and exploited, quantitative measurements can also be made.  Thusfar, we have only scratched the surface of making quantitative measurements using NO PLIF at Langley.  Primarily we have used NO PLIF to visualize the transition from laminar to turbulent flow, which is a critically important and poorly understood process that affects many different space vehicles including the Space Shuttle Orbiter and Crew Exploration Vehicle.   We are currently developing and applying temperature, velocity and pressure imaging methods using NO PLIF.  Examples of NO PLIF images are shown below.  The PLIF images have been superimposed upon computer renderings of the actual models tested in the wind tunnel.
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The figure above shows an experimental image of the upper-surface flow structure on a fuselage-only X-33 wind tunnel model at Mach 10, obtained at NASA Langley Research Center.  The nitric oxide was seeded into the tunnel flow from the nose of the model.  Flow is from top left to bottom right.   The false-color image allows visualization of the counter-rotating wake vortex structure.  The image is from Reference 27.
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[image: image2]
This image, from Reference 22, shows the flow of a trace of NO seeded into the boundary layer flowing over a flat plate with a small protruding ‘trip’ that forces the flow to transition to from laminar to turbulent.  Flow is from left to upper right across the plate.  A prior experiment with no trip showed a smooth, laminar flow across the full length of the plate.  These trips were designed to simulate conditions of a recent space shuttle flight were a protruding piece of “gap filler” had to be removed in an on-orbit space walk by the astronauts so that the flow would not transition to turbulence prematurely, which might have resulted in the loss of the shuttle due to excessive heating.  The above experiment was a recent demonstration experiment, showing how NO PLIF could contribute to this important area of research.


[image: image3]
In this image, a “Crew Exploration Vehicle” model, similar to the Apollo command module capsule was tested in a Mach 10 wind tunnel.  The false-color plume shows PLIF of NO-seeded nitrogen simulating a Reaction Control System (RCS) Jet use to steer the vehicle during entry.  The flow is from top left to bottom right.  At higher flowrates, the jet became turbulent.  The trajectory, shape and flapping of this jet can be characterized by the NO PLIF method and will be used to compare with aeronautical and aeroheating models used to design the new CEV which will return astronauts from the Moon and Mars.
Dual-Pump Coherent Anti-Stokes Raman Spectroscopy (DP-CARS)

Primary Applications at NASA Langley: temperature and composition measurements in combustion flows, especially in supersonic combustion applicable to scramjet engines; provides quantitative data for developing new chemistry and turbulence models for predicting supersonic combustion and building scramjet-powered vehicles.

Contributions to NASA Programs: Fundamental Aeronautics: Hypersonics
The DP-CARS technique is a nonlinear optical technique in which three laser beams cross, focus and interact with a gas flow to generate a fourth laser beam which is analyzed to determine the temperature and composition of a flowfield at the crossing point.  An important feature of this method is that all the interacting beams are, in fact, spatially coherent laser beams, so the technique can be used to make remote measurements in conditions where there is limited optical access, for example in ducts through thin, slotted windows, such as scramjet engines.   
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In our current use, the three input beams are yellow, green and red.  The red beam is spectrally broadband while the yellow and green are spectrally narrow.  The combination of the yellow and red beams probe O2 Raman resonances, while the combination of green and red beams probe N2 Raman resonances.  Both pairs of beams also probe H2 resonances and all three beams are required to complete the CARS process.  The spectrally broad blue beam then contains information about the concentration of N2, O2 and H2 as well as the temperature (from the shape of these spectra).
	 (a)
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	Plots of (a) mean temperature (b) mean O2 mole fraction, (c) mean N2 mole fraction, (d) mean H2 mole fraction at Mach 7 enthalpy for the vectored-fuel-injection case (Reference 35).


The figure above shows how DP-CARS mapped the temperature and composition fields in a supersonic combustor.  Flow is from top left to bottom right.   Hot air enters the duct at the top left, cold H2 fuel is injected from the top wall and then burns as the flow propagates downstream, elevating the temperature.  These data have been used by several research groups around to world to test and improve their computational methods.
Interferometric Rayleigh Scattering (IRS)

Primary Applications at NASA Langley: multi-point, multi-component velocity measurements in any flows, temperature and density measurements flows with known composition; provides quantitative data for developing new and turbulence models and for detailed understanding of hypersonic flows.

Contributions to NASA Programs: Fundamental Aeronautics: Hypersonics and Supersonics

The IRS method uses a single laser beam to generate Rayleigh scattering (the strongest from of scattering from a clean gas).  An interferometer is used to analyze the Rayleigh scattering spectrum.  This spectrum shows thermal broadening of the scattered light caused by the scattering of the monochromatic laser light off the randomly-moving molecules.  This allows the temperature to be measured.  The intensity of the scattering is proportional to the gas density, allowing density to be measured.  If the gas has a non-zero velocity, the Rayleigh spectrum will be Doppler shifted from the simultaneously measured reference light.  Thus, the velocity can be measured.  If the laser light is viewed from multiple directions, multiple components of velocity can be determined.   
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We have recently combined the IRS method with CARS.  The combined setup is shown in the above figure from Reference 26.   The IRS system is shown on the right side of the image while CARS is shown on the left.  This system measures temperature, composition and 2 components of the gas velocity.  It is optimized to study high-temperature supersonic combustion flows.
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