1.1 Infrared Thermography
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· Measurement:
Non-intrusive radiometric temperature measurements based on blackbody radiation theory. 
· Example Applications:
Surface temperature, heat flux, laminar-turbulent flow transition, flow visualization, and surface emissivity.
· Flow Regimes:
Subsonic, Supersonic
· Primary Advantage:
Able to obtain quantitative, global temperature data in real-time video frame rates.
· Primary Disadvantage:
Not well suited for low temperatures (< -40°C) or low emittance targets
· Typical Accuracy:
Best: < 0.1°C @ 30°C. Typically ~2% of dynamic range.
· Typical Data Rate:
At least 30 frames/sec.
· Wavelength Range:
Detector dependent. Typically from 0.9(m-14(m.
· Hardware Cost:
Low-Medium (depending on detector used)
· Maturity:

Medium-High
· Technical POC:
Stephen Borg Stephen.E.Borg@NASA.gov (757) 864-4747
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Introduction:

Infrared thermography is a video-based, non-intrusive radiometric measurement technique capable of obtaining global temperature data based on blackbody radiation theory.  

The infrared spectrum covers wavelengths in the 0.75(m–1000(m range and is located between the visible (0.35(m–0.75(m) and microwave (100(m+) portions of the spectrum.  Any object with a temperature above absolute zero will emit radiation.  The radiation emitted by an object due solely to its temperature lies in the 0.1(m–100(m range, and is referred to as thermal radiation.  The energy distribution of these emissions, for a given temperature, is illustrated in Figure 1 and also described by Planck’s law (Eq. 1).
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Infrared cameras are optimized to detect thermal radiation within limited spectral bands over this range depending upon the anticipated spectral energy distribution of the target.  Higher target temperatures will emit a greater amount of spectral energy over all wavelengths, and correspondingly shift the peak wavelength of emissions to shorter wavelengths as described by Wein’s displacement law (Eq. 2).1, 2
Thermal infrared imagers are detector and lens assemblies that convert emitted infrared energy into a quantitative 2D visual representation of the radiometric environment.  Selection of an appropriate detector for an imager is driven largely by the knowledge of the target temperature range, detector sensitivity and responsivity, target spectral emittance and cost.  IR detectors can be broken down into two fundamental sensing groups – energy and photon detectors.  

Energy and Photon Detectors

Energy detectors respond to temperature changes on a sensing element resulting from incident IR radiation, and the corresponding change in some material property such as voltage, polarization, resistance, or capacitance.  Energy detectors typically contain some type of thermal radiation absorber and a transducer.  For sensitive detection, the absorber must be thermally insulated from its surroundings, yet for fast response it must also be able to quickly release this energy.  This tradeoff between detection sensitivity and a fast thermal response is inherent to all energy detectors.  Energy detectors include the following types:

1. Thermocouples / Thermopiles

2. Pryoelectric

3. Ferroelectric

4. Thermistors / Bolometers / Microbolometers

5. Microcantilevers

A photon detector’s responsivity is a function of changes in the number of free electrical carriers through the interaction of photons and bound electrons, and it’s effect on some electrical characteristic of the sensing element.  This is carried out without any significant temperature change in the sensing element.  Included in this family are photovoltaic, photoemissive, photoconductive and photoelectromagnetic-based detectors.3  Since it is not required for the sensing elements to undergo a temperature change in order to generate a signal, they typically respond much faster than energy detectors.  This class of detectors requires careful radiation shielding and, in most cases, cryogenic cooling of their detection elements in order to have an acceptable signal-noise ratio.  These detectors are susceptible to thermally generated noise as well as stray thermal radiation emitted by their own enclosures and optics.  Photon detectors include the following types:

1. Photovoltaic Detectors (Si, Ge, GaAs, InSb, InGaAs, HgCdTe)

2. Photoconductive Detectors (PbS, PbSe, HgCdTe)

3. Photoemissive Detectors (PtSi)

4. Quantum Well Infrared Photodetector - QWIP (GaAs/AlGaAs)

Measurement Techniques & Applications

A. Radiometry

The optical properties of transmittance, reflectance and emittance can be measured either directly or indirectly using infrared thermography.  While this is not a state-of-the-art method for obtaining this information, it is possible to use an infrared imaging system to obtain good approximations of these values within the wavelength range of the camera.  A known radiometric source, such as a blackbody, can be used to determine an objects transmittance directly.  Emittance is the ratio of the actual emissive power of an object (over all wavelengths) compared to the theoretical emissive power of a perfect emitter (blackbody) at the same temperature.  It’s possible to use an IR camera to determine this value for an opaque sample at a known temperature by iteratively changing the stored emittance value for the imaging system until it corresponds to the known sample temperature.

B. Global Temperature & Heat Flux Measurements
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Figure 2 represents typical thermographic image data demonstrating the strength of infrared thermography in making global temperature and heat flux measurements.  This technique is well suited for making high-resolution full frame, selected area and spot temperature measurements over time, typically at standard video frame rates.  In this case the article under test was a full-scale US Navy SM-3 missile nosecone at a Mach 7 flight condition.  A HgCdTe detector-based imager operating in the 8(m-12(m range was used to obtain a time-temperature history of the nosecone under test in order to calculate heat flux over the entire surface.  Use of this technique to obtain temperature data eliminates the high cost and complexity associated with the implementation of many single-point temperature sensors.  Heat flux data can be easily extracted from the radiometric video data during analysis since each pixel generates a time-temperature history for the duration of the run.  The temperature data can also be corrected for emittance and atmospheric transmittance losses in real-time.  

C. Detecting Flow Transition Location and Flow Visualization
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Infrared thermography is an excellent tool for the remote detection of transitional flow on airfoils and other optically accessible structures.  This technique has been proven effective in wind tunnel experiments and full-scale flight tests4,5.  Figure 3 illustrates the concept behind this technique.  The variation in the local heat-transfer coefficient between the laminar and turbulent flow regions will generate a small temperature gradient on the surface of the test article, which can then be detected by an infrared camera.  

It is important to optimize specific radiometric and thermophysical properties of the test article in order to get the best possible infrared signature.  Ideally the surface should posses a high emissivity, low thermal conductivity and low specific heat capacity.  For an opaque surface, increasing the emissivity will increase the radiance (signal) and subsequently reduce the reflectivity (noise).  A low thermal conductivity surface is beneficial because it will minimize conduction losses into the structure, retaining the small temperature gradient for a longer period of time.  This allows the detector to integrate the signal over a longer period of time, improving the signal/noise ratio.  Similarly, minimizing the surface specific-heat capacity is also beneficial since there will be a larger detectable surface temperature rise for a given heat input.
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Figure 4 is series of infrared images taken from a wind tunnel experiment in the NASA Langley Basic Aerodynamics Research Tunnel (BART) as part of a joint aeronautics study between NASA and Britain’s Defense Research Agency (DRA)6. The test article in this experiment was a NACA-0012 symmetric airfoil.  In order to validate this technique for locating transition, a streamline in the flow was heated and then it’s effect was imaged on the model surface.  The metal model was coated with a thin layer of polyimide film in order to improve its emittance and thermophysical properties.  Infrared data was obtained using a liquid-nitrogen cooled, 8(m-12(m Mercury-Cadmium-Telluride (HgCdTe) based imager.  This camera used a single-point detector and scanning optics to generate the image FOV.  Despite the fact that this instrument was based on older technology and had limited sensitivity, the results were convincing.  (Note that the tunnel flow is from right to left.)

Figure 5 is an infrared image of forced transition on the leading edge of a swept-wing model (tunnel flow from left to right). This data was taken in the NASA Langley Unitary Plan Wind Tunnel on a laminar flow-control wing study model.  This metal model was electrostatically powder coated in order to improve the surface emittance and reduce conduction loses.  It was estimated that the application of the powder coating boosted the total hemispherical spectral emittance from ~0.2 to approximately 0.79 in the 3(m-5(m wavelength range.  

A cryogenically cooled Platinum-Silicide (PtSi) based focal-plane array (FPA) camera was used to obtain this image data.  The camera uses a 256x256 element FPA that responds from 3.4(m-5(m, and can generate 12-bit digital images with a best sensitivity of approximately 70mK at 30°C.  The infrared data can be stored either digitally on a local computer or on videotape for archival purposes.  
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Usually in order to generate a good infrared thermal signature, a step change in the free-stream tunnel temperature is usually required to convect heat into or out of the model.  This requirement may be problematic for experiments where the “on-point” conditions are highly sensitive to changing free-stream temperature.  Utilizing modern, high sensitivity detectors and attention to the model surface radiometric/thermophysical properties can greatly reduce this need for dramatic temperature steps while testing.  It should be noted that the turbulent wedge shown in the image was obtained in a steady-state flow condition and a constant tunnel temperature.

Gas plume visualization is another technique well suited for infrared thermography.  It is difficult to make accurate radiometric measurements of the various isothermal regions within a heated plume due to the complexities of working with a partially transmitting medium.  The technique is well suited however to qualitatively visualize plumes of different temperatures and, in some cases, how they interact with each other.

Figure 6 is a time-lapsed set of images of the DC-XA rocket executing a vertical landing on the desert floor at White Sands Missile Range.  The NASA/McDonnell Douglas DC-XA was part of the reusable launch vehicle (RLV) program and served as a technology demonstrator and test-bed for advanced engineering concepts destined for the X-33.  Information was needed on what effect a landing-pad design would have on the stability of the rocket during a vertical landing, and to try and visualize any interactions between the rocket body and the recirculating exhaust plume.  

This image data was obtained with a liquid-nitrogen cooled, 8(m-12(m HgCdTe based imager.  The camera was set up several-hundred feet from the proposed landing site and was able to clearly view the exhaust plume interacting with the ground.  Unfortunately the exhaust gas plume quickly eroded the packed gypsum and shrouded the rocket from direct view in a superheated cloud of dust particles.  After the heated cloud dissipated, the purging of the DC-XA’s H2 and O2 tanks was evident (t=+117 sec) against the background.  This test demonstrated the effectiveness of the infrared camera as a flow visualization tool for gas plumes of varying temperatures
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Figure 5. Turbulent wedge from tripped flow on a wing leading edge. (Re=1 million/ft.)








Figure 3.  Visualizing the onset of flow-transition on a structure by direct measurement of the surface temperature.








Eq. 1
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Figure 4. Transition location at various angles-of-attack. (Re=0.75 million/ft)


























Figure 2. SM-3 missile nosecone heat flux data. (M∞=7)





Eq. 2
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Figure 6. DXCA exhaust plume/ground interaction and tank purge.





Figure � SEQ Figure \* ARABIC �1�. A typical emitted blackbody (red) and sample (blue) spectral distribution (Temperature=65°C)
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