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Figure 1. Schematic of the designed laboratory setup
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Figure 2. Schematic of the geometry, applied boundary conditions, and definition of characteristic lengths
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Table 1. Geometric dimensions at the three simulation scales

A/ ulila ol sc. 1 Sc. 2 sc.3
1 30 60 15
L2 50 100 25
3 60 120 30
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Table 2. Numerical characteristics of the computational grids (Scales 1-3)

Scale / Feature Sc.1 Sc.2 Sc.3
Nodes 28,426 126,874 7,120
Faces 55,972 372,736 13,801

Internal Faces 27,548 165,374 6,683
Cells 13,920 103,100 3,414
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Table 3. Boundary conditions applied in the CFD simulations

No Solid 0 (Granular
Boundary Gas Phase Phase all Temperature)
Johnson-Jackson model
. Johnson—Jackson particle Zero Restitution coefficient:
1 | Walls No-slip . . .
slip gradient 0.95 Specularity
coefficient: 0.2
) Gas Fixed value (0.5 m/s and Uniform fixed value Zero Uniform fixed value
Inlet 0.75 m/s) gradient (1.0x107%)
Gas
3 | Outle pressurelnlgtOutIetVeIo Uniform fixed value Zef" Zero gradient
' city gradient
. . . Uniform
Solid | pressurelnletOutletVelo Uniform fixed value (2.4 )
4 Inlet city o/s) fixed value massFlowlInlet
(0.63)
li if
Solid pressurelnletOutletVelo Uniform fixed value (2.4 .Um orm
5 Outle it /s) fixed value massFlowOutlet
t y & (0.63)
J= oo Y
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Table 4. Geometric characteristics of the computational meshes and types of elements

Case Face 1 Face 2 Face 3
1782 660 1500
Sc. 1
Elements: Quad, Type: Map, Interval size=2 Elements: map, Type: Map, Interval size=1
1782 2038 3396
Sc. 2
Elements: Quad, Type: Map, Interval size=2 Elements: Triangle, Type: Pave, Interval size=1
1782 1320 3000
Sc.3

Elements: Quad, Type: Map, Interval size=2  Elements: Triangle, Type: Mapsplit, Interval size=1
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Table 5. Numerical characteristics of the computational meshes

Feature Mesh 1 Mesh 2 Mesh 3
Nodes 8,192 9,306 8,588
Faces 15,921 26,300 23,787
Internal Faces 7,731 11,562 10,485
Cells 3,942 7,216 6,498
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Figure 3. Schematic of the computational meshes
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Figure 4. Comparison of the averaged solid phase volume fraction at two dimensionless heights, (a) H; = 0.2
and (b) H, = 0.4, for three computational meshes at a fluidization velocity of 0.5 m/s
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Figure 6. Time-averaged solid phase flow structures predicted by the simulations at a fluidization velocity
of 0.5 m/s for three scales: (a) Scale 1, (b) Scale 2, and (c) Scale 3
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Figure 8. Profiles of the dimensionless solid phase velocity versus dimensionless length at a fluidization velocity of
0.5 m/s for three scales at two dimensionless heights: (a) H=0.2 and (b) H=0.4
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Table 6. CMI index for the three scales
Scale CMI60 CMI70 CMI80
Sc.l  0.935 0.937 0.939

Sc.2  0.897 0.893 0.899
Sc.3  0.885 0.883 0.889
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Table 7. Comparison of the present results with previous studies

Reported
Reference System Compar_able Result in the Result of the Agreement
Quantity - Present Study Assessment
Literature
. . High Experimental
Babaei & Cold pseudo- Solid vc_)Iume uniformityin ~ CMI=0.9in  results from this
Movahedirad fraction
2D bed - . the core the core study were used
(2023) [14] uniformity : S
region for validation.
Flow structure
. agreement;
Zhaoetal. (2013)  Industrial Radial solid solid Core indices differ but
R concentration  concentration :
[3] MTO reactor distribution X the physical
in the core observed .
phenomenon is
consistent.
Similar trend,;
Near-wall Strong Wall effects the present study
Luetal. (2016) [5] MTO reactor h . gradient near reduced with quantifies its
eterogeneity
the wall scale scale
dependence.
Different index
Julian et al. (2012) Variance-based High mixing High CMl in used, but
: Pseudo-2D bed L . comparable
[19] mixing index in the core the core L .
mixing intensity
range.
The results of
both studies
indicate that the
near-wall
heterogeneity
arises from
Decreases cometric
Rennebaumetal.  Pseudo-2D and Stronger in with geon
Wall effect . . constraints, and
(2025) [20] 3D systems pseudo-2D increasing L .
scale its intensity

decreases with
increasing scale
or with a
reduction in the
surface-to-
volume ratio..
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Abstract

In this study, the hydrodynamic behavior of a cold circulating pseudo-2D fluidized bed relevant to the methanol-to-
olefins (MTQO) process is investigated experimentally and numerically across three geometrically scaled
configurations. Experimental measurements of the solid-phase velocity field and volume fraction were obtained using
high-speed imaging combined with PIV-DIA techniques. A two-fluid Eulerian—Eulerian CFD model incorporating
the Kinetic Theory of Granular Flow (KTGF) was developed in OpenFOAM and validated against the experimental
data. The comparison showed that the model accurately captures the core upward flow, reproducing the peak solid
velocity with less than 10% deviation, while preserving the near-wall velocity gradients observed experimentally.
Following validation, the model was applied to three geometric scales (Scl, Sc2, Sc3). Results indicate that scaling
the geometry by up to a factor of two does not alter the qualitative structure of the hydrodynamics: in all scales, a
stable upward core region and downward near-wall recirculation zones persist without meaningful spatial
displacement. The solid volume-fraction distributions also retain their characteristic pattern, although the difference
between the central dilute region and the denser wall regions decreases by up to 15% in larger scales, indicating
enhanced natural mixing. To quantify mixing, the Cluster Mixing Index (CMI) was evaluated for all scales. The CMI
in the central region ranged from 0.88 to 0.94, with a relative variation below 5.5%, demonstrating that the degree of
solids mixing is effectively scale-independent within the investigated similarity-based geometries. These findings
confirm that the validated CFD framework provides a reliable basis for hydrodynamic scale-up and can accurately
predict mixing behavior in larger pseudo-2D circulating fluidized beds relevant to industrial MTO applications.

Keywords: Circulating fluidized bed (CFB), Pseudo-2D; MTO, Eulerian—Eulerian simulation, KTGF, Hydrodynamic
scale-up, Solid-phase mixing, CMI index, Experimental validation.
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