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Temperature distribution in granular assemblies using luminescence thermometry and radiative transfer simulation

An optical method for multi-point temperature measurements inside granular assemblies is proposed. Signals originating from distinct thermographic phosphor-coated particles exiting the bed are separated using a linear least square method.
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Introduction

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 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 [START_REF] Ranjha | High temperature thermochemical energy storage using packed beds[END_REF]. So far, however, there is little experimental data on spatially resolved internal temperatures for 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 for measuring the temperature distribution inside particle assemblies that uses a combination of experiment and radiative transfer simulation. The demonstrations are carried out in a regular packing where the selected spheres are coated with luminescent phosphor powder and excited by laser light. The decay time of the emitted luminescence depends on the particle temperature, which forms the basis of the measurement technique. Experiments with only one coated sphere and with two coated spheres under isothermal and non-isothermal conditions are conducted to establish and validate the method.

Methodology

The experimental setup used for the demonstration measurements is presented in Fig. 1a. A regular packing comprised of 107 spheres with 6 mm diameter is held together in a fused silica cuvette. Selected spheres are coated with thermographic phosphors to act as temperature sensors, and the other spheres are coated with a plastic primer to ensure that all spheres have a similar diffusive surface. A 12-mm diameter 532 nm laser light enters the bed through the center of the left face and then propagates in it, exciting the phosphor-coated spheres. The resulting luminescence exits the bed after multiple scattering events and is imaged by a sCMOS camera equipped with a 50 mm Nikon lens. The phosphor thermometry approach we used here is the dual-frame 2D lifetime determination which exploits the temperature dependence of the decay waveform of YAG:Cr 3+ following a pulsed excitation using an sCMOS camera in double frame mode [START_REF] Abram | ScVO 4: Bi 3+ thermographic phosphor particles for fluid temperature imaging with sub-° C precision[END_REF]. The ratio between the observed luminescent intensities in the two frames hence allows us to infer the temperature. A recorded luminescence image with a single luminescent sphere at the packing center is presented in Fig. 1b.

As a demonstration test case in a packed bed with heat transfer, a non-luminescent sphere in the top layer is heated using the commodity heating tip of a soldering station. Fig. 1c shows the results of a simulation of conduction heat transfer for this setup. The heat is transported from the heated spheres to the surrounding spheres by conduction and the temperature of the spheres decreases with the distance from the heated sphere.

Results

A first experiment was performed with a single luminescent sphere placed at 13 different locations inside the bed at room temperature to evaluate the potential dependence of the measurement on the sphere location. At each location, 19 image pairs were taken for dual-frame ratio-based thermometry and the results are presented in Fig. 2a. Only small variations around 23°C are observed as a function of the sphere location, with a mean deviation of 1.6 ℃ and a maximum deviation of 4.9 ℃. The largest variation occurs at the 4 th location in the 3rd layer, which may be due to lower signal level at that location, since the sphere is there the furthest away from the beam optical axis and from the detector. This demonstrates the independence of the temperature measurement from the sphere location, which is a key advantage of the temporal temperature readout technique used here. A method to separate signals of multiple luminescent spheres can now be considered. We assume that the intensity distribution in the luminescence image from a single sphere is a function of the sphere location but is independent of temperature. Considering a linear superposition of signals when considering multiple luminescent spheres, the compound signal from multiple spheres is a weighted sum of the individual spatial intensity distributions. The contribution of each sphere can thus be separated from a linear least square fit of the individual sphere distributions. This operation is performed for both frames to get a temperature-dependent position-independent ratio of weights.

To demonstrate multi-point temperature measurements, two luminescent spheres (yellow and blue in Fig. 2b) were placed in the bed. One of them, the yellow one, had an embedded thermocouple. Temperature measured with the two sphere and the thermocouple are plotted in Fig. 2b. The temperature measured by the yellow sphere is in very good agreement with its thermocouple (approx. 8°C deviation at 120°C), showing the ability to remove the contribution of sphere 2 to the measurement of sphere 1. As expected from the heat transfer simulation of Fig 1c, sphere 2 has a significantly lower temperature. These preliminary results illustrate that the proposed technique is capable of separating the compound signals to obtain the temperature at individual particles.

The above approach requires a library of spatial intensity distribution with each entry being a luminescence image with only a single luminescent sphere. This approach, however, has limitations since it requires to de-and reassemble the experimental setup so that always only one luminescent particle is present. This approach would become infeasible in complex particle assemblies with inhomogeneous particle shapes. For this reason, a radiative transfer model of light propagation in the packed bed was developed which is able to produce simulated luminescence images. A radiative simulation image corresponding to the bed configuration of Fig. 1b is shown in Fig. 2c. Apart from the signal in the region near the cuvette walls, due to reflections and glass luminescence, the simulation is able to accurately reproduce the inner 2D intensity distribution, and can therefore be used to establish the library of intensity distribution functions for all particle positions.

In the future, this novel approach will be extended to increasing number of temperature measurements, as well as to non-spherical particle beds, where the exact bed geometry will be obtained using X-ray tomography imaging.

Fig. 1 .

 1 Fig. 1. (a) Top view of experimental setup; (b) Luminescence image; (c) Simulated temperature distribution.

Fig. 2 .

 2 Fig. 2. a) Determined temperature as a function of the luminescent sphere location under room temperature condition, each data point corresponds to a single shot; b) Measured temperatures for a two luminescent spheres configuration as a function of the heating sphere temperature; c) Simulated luminescence image obtained from radiative transfer simulation for the configuration of Fig. 1b.
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