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Combined three-dimensional temperature and velocity measurements using thermographic phosphor tracers in turbulent gas flows

A concept for simultaneous three-dimensional (3D) temperature and velocity measurements in turbulent gas flows is presented and demonstrated in heated gas jets. Sub-micron thermographic phosphor particles are seeded into the flow and used as tracers with response times of a few microseconds, suitable for a wide range of turbulent flows. Particle positions are tomographically reconstructed from four double-frame Mie-scattering views and particle velocities are computed from each reconstructed volume pair using a 3D-PTV algorithm. Simultaneous temperature data are obtained from the same particles using two-color ratiometric phosphor thermometry.

Many flows of relevance to science and industry are turbulent and characterized by 3D features in temperature and velocity fields1 . Examples are the wake downstream of a heated cylinder in a cross-flow as found in heat exchangers or a coolant jet impinging on a hot surface. Characterizing such flows using planar measurement techniques can lead to misinterpretations of 3D flow features. For velocity measurements, substantial progress was made in recent years so that full 3D 3-component velocity information is provided readily nowadays using tomographic PIV or PTV2,3 . For scalar quantities like temperature, such measurements are still very challenging. Recent approaches include microscopic imaging of encapsulated EuTTA particles coupled with astigmatism PTV 4 or color imaging of large thermochromic liquid crystals in conjunction with tomographic PIV 5 , both in liquid flows. In this work, we present a concept based on sub-micron thermographic phosphor particles with response times of a few microseconds, applicable to turbulent gas flows. It is a further development of the well-established combination of point-wise 6 and planar 7 thermometry and velocimetry using thermographic phosphor tracer particles. In order to facilitate 3D measurements, we combine tomographic particle position reconstruction, 3D-PTV and two-view two-color phosphor thermometry.

A drawing of the experimental setup is shown in figure 1a. Two 10 Hz Nd:YAG lasers are used as light sources, a single-pulse UV laser (266 nm) excites the luminescence emission from sub-micron ZnO phosphor tracer particles and a double-pulse laser emitting at 532 nm provides light for Mie-scattering imaging. To compute particle locations and velocities, particle Mie-scattering images are captured using four double-frame cameras P1 to P4 positioned at distinct angles on a common horizontal plane. Their 100 mm objective lenses are stopped down to f/16 or f/11 to allow in-focus imaging of particles throughout the whole measurement volume. The luminescence emission of the same ZnO phosphor particles is captured simultaneously with the first Mie-scattering frame by two cameras T1 and T2 placed on the same horizontal plane as the other cameras. These cameras use 85 mm focal length lenses operated at f/1.4 to maximize signal levels in luminescence images. As a consequence not all particles are imaged in focus. The differences in particle image formation between PTV and luminescence cameras and the concept of tomographic particle position reconstruction are visualized in figure 1b. For better clarity only two of the four PTV camera views are shown there.

To exploit the red shift of the luminescence emission spectrum of ZnO with temperature for thermometry, cameras T1 and T2 are equipped with distinct interference filters (figure 1c). To compensate for the tilt of the depth-of-field planes of the cameras due to perspective, Scheimpflug adapters are used for all cameras. Instantaneous particle distributions are reconstructed from double-frame Mie-scattering images using an in-house reconstruction algorithm based on the pinhole camera model. From the particle positions within the reconstructed volume pair, particle displacements are computed by a 3D-PTV algorithm using an initial guess derived from ensemble cross-correlation8 . To derive single-particle temperatures, reconstructed particle positions are projected into the luminescence images followed by a local maxima search in the proximity around these locations to allow pairing with the luminescence images of the same particle. The signal for each individual particle is integrated in both luminescence camera images before a ratio between them is calculated. This ratio is then converted to temperature using separately recorded calibration data.

Demonstration experiments are conducted in heated jets of 4 mm and 9.5 mm in diameter with nozzle exit temperatures of 383 K at bulk velocities of 28 m/s and 11.75 m/s respectively (Re = 4600) embedded in a coflow at room temperature and 0.2 m/s. Both the central jets and co-flow are seeded with sub-micron ZnO particles. Combined temperature and velocity measurements from a single-shot recording of the small jet are presented in figures 2a and b. Particles within the jet indicate a temperature close to that of the jet exit and high velocities around the bulk jet velocity, whereas particles in the co-flow appear with low velocity and temperature. However, a very low seeding density was used for this demonstration, resulting in few particles per single-shot recording. To obtain dense temperature and velocity distributions on a time-averaged basis, figures 2c and d show cumulative measurements from more than 1000 single-shots obtained in the large jet. Here, temperature results of phosphor particles are shown in 3D view and in height versus radial distance from the nozzle center. These temperature distributions show the heated jet with a high degree of rotational symmetry about the jet axis and a sharp transition to the co-flow region at ambient temperature. The 1σ particle-to-particle temperature precision evaluated in the jet core is 18 K. This work demonstrates the ability to obtain 3D positions, velocities and temperatures of thermographic phosphor tracer particles seeded into turbulent gas flows by linking tomographic reconstruction and velocimetry results with intensity ratios processed from their luminescence emissions to infer their temperature. As yet only very sparse particle images were used, we will now increase the number of measurements per single-shot recording. This will be achieved by using higher particle seeding densities during the experiments in conjunction with more advanced reconstruction and camera calibration algorithms. At the same time, the precision of the intensity ratio based temperature measurements will be increased by minimizing fluence variations in the UV light sheet.
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 1 Figure 1: (a) Sketch of the experimental setup. (b) shows the concept of tomographic reconstruction and the influence of blur on the image formation with only two of the four PTV camera views. Emission spectra of ZnO are plotted in (c) for temperatures from 293 K to 488 K with the transmission curves of the spectral filters used on cameras T1 and T2 (b).

Figure 2 :

 2 Figure 2: Instantaneous temperature and velocity measurements as derived from a single shot in the small jet are shown in 3D (a) and top view (b) with particles colored according to temperature and vectors according to velocity magnitude. Cumulative temperature measurements for the large jet are shown in 3D (c) and height versus radial distance from the jet nozzle (d). No outlier removal filters are applied to the presented data.
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