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Multi-point temperature measurements in packed beds of opaque particles using phosphor thermometry with an image-based signal separation technique

Thermographic phosphors are coated on several spheres within a packed bed for multi-point detection of the bed's internal temperature. Laser excitation penetrates the bed, and the luminescence emission from the phosphor-coated spheres exits the bed, both after multiple reflection events. When a camera images the bed front face, the luminescence image produced by a single luminescent sphere has a specific spatial distribution related to its position. Such relative intensity distribution function can be determined either experimentally or by ray tracing simulations. In multiple luminescent sphere case, the resulting image is fitted by a weighted sum of the spatial distribution functions of each sphere to isolate the respective contributions. Combining such image separation technique with a rapid lifetime imaging approach, the temperature can be accessed from the ratios of the fitted weights between the two frames. In this study, a three-point measurement is demonstrated with the phosphor YAG:Cr 3+ in a regular sphere packing and validated against thermocouple measurements.

Fixed bed reactors are the most commonly used reactor type in industry. A large number of applications involves packed bed reactors with particles of arbitrary shape [1] and the reactions there occur very often at high temperatures. Therefore, an understanding of heat transfer inside the bed is key for process control, product quality and energy efficiency [2]. So far, however, there is little experimental data on the internal temperature distribution of packed beds. This is largely because conventional, invasive thermometry methods, like thermocouples, typically have high uncertainties as they are influenced by the heat transfer between the thermocouples, the particles, and the gas. In this work, we propose a novel luminescence-based method to achieve multi-point measurements inside packed beds, despite the opacity of the constituent granules and the highly scattering nature of the bed.

The experimental setup used for the demonstration measurements is presented in Fig. 1a. A regular packing comprised of 6-mm diameter aluminium spheres is held in a fused silica cuvette. Some spheres are coated with thermographic phosphors to act as temperature sensors and the other spheres are coated with a plastic primer so that the surfaces of all spheres have nearly the same diffusive properties. YAG:Cr 3+ is used as thermographic phosphor here because its luminescence decay time is sensitive over the 20-300°C temperature range aimed in this study. A 12-mm diameter 532 nm laser beam enters the bed through the centre of the left face for excitation. The resulting luminescence exits the bed after multiple scattering events and is imaged by a sCMOS camera with a red filter, and an example of recorded image is shown in Fig. 1 b. For exploiting the temperature dependence of the decay waveform of YAG:Cr 3+ , we employ the dual-frame 2D lifetime determination [3], similar to the rapid lifetime determination which splits the decaying luminescence into two consecutive camera frames separated by a 100 ns short time interval.

As a first test case of heat transfer investigation in a packed bed, one sphere in the top layer is heated by contact with the heating tip of a soldering station. Fig. 1c is a finite element method (FEM) simulation of the 1 Horn, R, "Reaktoren für Fluid-Feststoff-Reaktionen: Festbettreaktoren," In: W. Reschetilowski (Hrsg.), Handbuch Chemische Reaktoren, Springer-Verlag GmbH Deutschland (2019). 2 Ranjha, Q. A., Vahedi, N., & Oztekin, A, "High temperature thermochemical energy storage using packed beds," In ASME International Mechanical Engineering Congress and Exposition (Vol. 50596, p. V06BT08A046). American Society of Mechanical Engineers (2006). 3 Abram, C., Panjikkaran, I. W., Ogugua, S. N., & Fond, B, "ScVO4:Bi 3+ thermographic phosphor particles for fluid temperature imaging with sub-°C precision," Optics Letters, 45( 14), 3893-3896 (2020) heat transfer inside the bed providing insights into the heat propagation mechanism, where the heat is transported from a highly conductive sphere to another mainly by conduction so that the sphere temperature decreases with the distance to the heated sphere. Thermocouples tips were embedded into selected spheres to provide reference temperature for calibration and validation. Specifically, to calibrate the luminescence intensity ratio (LIR) between dual-frame to temperature, LIR is measured for the case that only one luminescent sphere in a bed of non-luminescent spheres and the thermocouple temperature used as a reference.

Results

A first validation was conducted to demonstrate the location independence of temperature detection, with a single luminescent sphere placed at 13 different locations in sequence inside the bed at room temperature. The results are presented in Fig. 2a. Only small variations around 23 ℃ are observed as a function of the sphere location, with a mean deviation of 1.6 ℃ and a maximum deviation of 4.9 ℃. This is a key advantage of the temporal temperature readout technique used here, which is not distorted by reflections. where the subscript i denotes the frame pair a and b, and j = 1...n is the sphere location index. The term 𝒄 𝑖,𝑗 (𝑇) is the weighing constant of sphere j for the intensity distribution in frame i. A possible way to access the specific spatial distribution 𝑺 𝑗 (𝑥, 𝑦) is to build the entry library by reproducibly collecting the normalized intensity distribution data at different locations when only one luminescent sphere is present. Note that 𝑺 𝑗 (𝑥, 𝑦) is independent of the temperature distribution in the bed, assuming temperature-independent scattering properties and negligible absorption. Also, assuming time invariance in the scattering properties and negligible time of flight regarding millisecond-order decay time, the same 𝑺 𝑗 (𝑥, 𝑦) can be used for both frames. Thus, the LIR of each sphere is computed from the ratio of weighting constants: 

𝐿𝐼𝑅 𝑗 = 𝑐 𝑎,
For multi-point detection demonstration, three luminescent spheres (S1, S2 and S3) were placed in the bed. Their locations are shown in Fig. 2b (left) together with that of the heated sphere (S0). Fig. 2b (right) shows the luminescence images in one frame when S1-S3 are present individually and when loaded together. The weighted sum of the 𝑺 𝑗 (𝑥, 𝑦) functions is fitted to the compound signal image. Resulting temperatures are plotted as a of function of time in Fig. 2c. A thermocouple embedded into S2 provides a reference temperature which shows excellent agreement with that from phosphor thermometry, giving a maximum deviation below 1 ℃. This shows the ability to remove the contributions of S1 and S3 to the measurement of S2. In addition, as expected S1 has significantly higher temperature, while on the contrary S3 appears to be colder.

These preliminary results illustrate that the proposed technique can achieve accurate multi point measurements. The next step is to use a library of 𝑺 𝑗 (𝑥, 𝑦) function generated through ray tracing simulation, to avoid reassembling the bed to obtain single sphere data, in particular for packed bed of irregular particles. Such multi point measurements will also be combined with FEM simulation in a data assimilation approach to reconstruct full temperature distributions.
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  Figure 1: (a) Experimental setup schematic; (b) Centremost sphere luminescence image; (c) Simulated temperature distribution;
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 2 Figure 2: (a) Measured temperature for various luminescent sphere locations under isothermal conditions; (b) Bed geometry, and the recorded images when luminescent spheres are present alone and together; (d) Temperature-time traces from phosphor thermometry (PT) and thermocouple (TC). When multiple luminescent spheres are present in packed bed, their temperature can only be reconstructed if the contribution from each sphere can be fully isolated. The compound signals image Ii for n luminescent spheres is a weighted sum of 2D intensity distribution functions 𝑺 𝑗 : 𝑰 𝑖 (𝑇, 𝑥, 𝑦) = ∑ 𝑐 𝑖,𝑗 (𝑇)𝑺 𝑗 (𝑥, 𝑦) 𝑛 𝑗
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