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Abstract

A 3-dimensional computational fluid dynamics (CFD) model was used to study how the high-velocity
inlet location and velocity ratio affect particle heating and fluidisation in a square fluidised bed solar
receiver (FBSR). Two high-velocity configurations were tested: centre and corner inlets, across three
velocities pairs, and compared with a uniform baseline of twice the minimum fluidisation velocity
(2U,y). High velocity (Up) in the centre configuration of the FBSR improved early heating, mean
temperature, and bubble spread, particularly at higher velocity ratios. A corner U, configuration
produced more localised flow and lower sensitivity to velocity. Peak temperatures were generally
higher for the centre U, configuration, and the equivalent velocity strongly influenced flow and
heating.

Introduction

Fluidised bed solar receivers (FBSRs) as shown in Fig. 1-A, offer effective particle heating in
concentrating solar power (CSP) systems due to their excellent gas-solid mixing and heat transfer
(Bellan et al. 2018). While most studies have focused on uniform fluidisation, uneven fluidisation,
where inlet velocities vary spatially, can significantly influence particle circulation and temperature
distribution (Diaz-Heras et al. 2021). Square beds offer practical advantages in modularity, spatial
integration, and industrial scalability (Zhou et al. 1995), on other side square beds are particularly
prone to poor corner fluidisation, reducing mixing and heating uniformity (Zhang et al. 2020).
Localised high-velocity inlets offer a potential solution, yet the combined effects of inlet location and
velocity ratio (the ratio between the high and low velocity pair) remain underexplored. This study
used a validated CFD model to compare High-Velocity (U) fluidisation effect on two location, corner
(Fig. 1-B) and centre (Fig. 1-C), under different velocity pairs, examining their influence on particle
heating and fluidisation patterns.
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Figure 1. Beam-down CSP with fluidised bed solar receiver Configuration
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2. Methodology

A 3D CFD model was developed to simulate gas-solid flow and heat transfer in a square FBSR (67.5
mm % 67.5 mm cross-section, 500 mm height). Silicon carbide (SiC) particles initially filled the bed
to 80 mm. Air entered through bottom inlets and exited via two top outlets. A high constant-
temperature wall above the bed was used to represent the concentrated solar radiation, with the
radiation heat transfer modelled using the P1 radiation model (ANSYS Fluent, 2021), this study
considered that, radiation enters from above (z = 500 m) and is absorbed through the bed as
illustrated Fig. 2A with arrows showing the downward radiative path and upward gas flow. A 5§
W/m2-K film coefficient and 297 K ambient temperature were used to match the experimental
conditions.
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Figure 2. Square FBSR layout & boundary conditions

To examine uneven fluidisation, two inlet gas velocities were applied to fluidise the bed, defining
each case by a velocity pair (Un, U)). Fig. 2(B) presents the inlet distribution, where the black squares
in the centre or at the corners represent the high-velocity (Ux) ports. Two configurations were
investigated: one with a single high-velocity port positioned at the centre (Fig. 2(B) bottom) and
another with four high-velocity ports located at the corners (Fig. 2(B) upper). The white regions
correspond to the low-velocity (U)) inlet areas.

These positions were chosen to examine the effect of localised air injection at the geometric centre,
where circulation is typically strong, compared to the corners, which often exhibit weaker fluidisation
in square beds. In both, the U, region area covered 20% of the inlet area (the remaining 80% for U)).
Six uneven cases were simulated: low-fluidisation velocity pairs (cases 1 and 4), large-gap velocity
pairs (cases 2 and 5), and high-velocity pairs velocity (cases 3 and 6) as summarised in Table 1. To
ensure a consistent basis for comparison, non-uniform cases were configured with area-weighted
average velocities (AWV) ranging from 1.6 to 2.20 U, slightly below or above the uniform value.

Table 1: Summary of simulated cases and velocity conditions

Case Position UnlU,[U,s*] | Case Position UnlU; [Unr*] A(‘[V}I’Z)
1 Centre 20/1.5 4 Corner 20/1.5 1.6
Centre 3.0/1.5 5 Corner 3.0/15 1.8
3 Centre 3.0/2.0 6 Corner 3.0/2.0 2.2
Uniform 2.0 — — — 2.0
* Up: high inlet velocity, Uy low inlet velocity, U, : minimum fluidisation velocity
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The numerical model was validated using the experimental results of Diaz-Heras et al. (2020) for a
cylindrical bed at U,, showing good agreement during the first 80 s. Minor deviations observed
thereafter, consistent with findings by Heras et al. (2021) and Alqudah et al. (2023), are attributed to
simplifications in boundary conditions. Adopting the validation methodology of Alqudah et al. (2024),
the model demonstrates sufficient accuracy for extended application. A mesh independence study

with three grid sizes was performed; the selected mesh showed the best agreement with
experimental data.

3. Results and Discussion

This study focussed on the effects of the localised high-velocity ports on particle heating and
fluidisation dynamics. Fig. 3 compares the particle temperature evolution at the plane of 60 mm
height for three velocity pairs (2.0-1.5, 3.0-1.5 and 3.0-2.0 U,,) with the high-velocity region (Us)
positioned at the centre (left) or corner (right) of the inlet, alongside the uniform 2 U,,r baseline.
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Figure 3. Particle temperature for the U, at the centre (left) or corner (right).

In the centre-inlet configuration, increasing the velocity ratio markedly enhances heat transfer, with
the (Us 3.0, U, 2.0) case reaching approximately 325 K in 180 s, around 10 K higher than the uniform
baseline, and exhibiting the steepest initial temperature rise in the first 60 s. The (Ux 3.0, U; 1.5) case
also outperforms the uniform flow but with a smaller margin, while the (U 2.0, U, 1.5) case remains
closer to the baseline. This trend reflects improved particle-gas mixing and more effective heat
penetration when the high-velocity zone is centrally located. In contrast, the corner-inlet arrangement
shows negligible sensitivity to velocity ratio, with all cases following similar trajectories to the uniform
flow, indicating that the high-velocity jet’s influence dissipates the bed dynamic.

Fig. 4 shows particle temperature trends at 60 mm for velocity pairs (2.0-1.5, 3.0-1.5 and 3.0-2.0 U,.y)
with the Uy inlet (centre or corner region), compared with the uniform 2 U,,,baseline. For the (Us 2.0,
U, 1.5) case, both inlet positions follow the uniform case closely, indicating minimal influence of the
location at lower velocities. With the (U, 3.0, U, 1.5) case, the centre-inlet achieves slightly faster
heating than the corner-inlet, reflecting more effective early-stage mixing. The difference is most
pronounced at (U, 3.0, U; 2.0), where the centre-inlet reaches about 325 K. This over 10 K higher
than the corner-inlet, demonstrating the significant advantage of central high-velocity placement at
higher flow rates.
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Figure 4. Particle temperature for the velocity pairs with U, at the centre or corner.

The particle volume fraction (VF) varies between cases, Fig. 5 shows the instantaneous VF after
180s for 20 mm (top row) and 60 mm (bottom row). In centre U, cases, VF is higher near the bed
corners, with bubbles forming and rising mainly through the centre, increasing in size with higher
velocity ratios. In corner U, cases, VF is lower at the corresponding corners, indicating localised
voids where bubbles originate and rise along the same side. While these differences are more
evident at 20 mm due to the inlet’'s proximity, the overall trend persists at 60 mm, with centre U,
producing broader bubble paths and corner U, maintaining more localised flow.
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Figure 5. VF contours at 20 mm & 60 mm showing the effect of fluidisation pattern and port
configuration.
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Fig. 6 shows that the peak temperature, a negative indicator of particle mixing, is generally higher
for the centre U, than the corner in cases 1 and 2; while the corner slightly exceeds the centre at the
higher velocity pairs in cases 3 and 6. Mean temperatures vary little for the corner U but increase
steadily with velocity in the centre U, cases, indicating greater sensitivity to the velocity pair. Fig. 7
shows that Cases 1/4 and 2/5 have lower equivalent velocities, giving 80 % and 90 % of the uniform
flow rate, while Cases 3/6 reach 110 % due to the higher velocity pair.
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Figure 7. Flow rates of uneven cases

Figure 6. Mean and peak particle
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temperatures for all cases.

4. Conclusion

Localised high-velocity ports significantly influence heating and fluidisation in square FBSRs. Centre
U generally enhanced heating, mean temperature, and mixing, while corner U, maintained more
localised flow. Higher velocity ratios increased temperature gains for centre U, but had limited effect
on corners. Peak temperatures varied with different configuration, and equivalent velocity strongly
affected both thermal and flow performance. Despite the small receiver geometry, the conclusions
are likely valid for larger-scale systems because the governing flow and heat-transfer mechanisms
scale consistently across geometries. Future work could explore combining centre and corner high-
velocity ports in a single configuration to mitigate localised poor fluidisation.
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