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Abstract

Fluidized-bed configurations are widely employed in industrial processes such as drying, granulation,
and heterogeneous chemical reactions due to their efficient mixing and enhanced heat transfer. However,
the description of such complex systems is predominantly based on empirical correlations derived from
experimental data, which remain challenging to apply to non-standard conditions, such as systems with
non-spherical particles or small and atypical geometries. An alternative approach is particle-resolved
direct numerical simulation, employing computational fluid dynamics (CFD) coupled with the discrete
element method (DEM) via the immersed boundary method (IBM). This high-fidelity approach enables
detailed characterization of fluidized bed properties, including collision frequencies and three-dimensional
granular temperature. In this contribution, we present the simulation results for a pseudo-2D fluidized
bed, which also benefits from well-documented experimental data. Furthermore, we investigate the effects
of sampling region size and depth on the evaluated properties, demonstrating a systematic approach for
quantitative comparison between numerical simulations and experimental results.
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1 Introduction

The vast spread of systems containing solids dispersed within a fluid phase range from natural phenomena,
such as sediment re-suspension [1] and blood flow [2], to man-made processes, including sedimentation
columns and fluidized beds [3]. Fluidized bed apparatuses are commonly used in industrial applications
such as polymerization, granulation, and particle drying [3]. Furthermore, the fluidized beds benefit from
efficient mixing, thereby enhancing heat and mass transfer; albeit, at the cost of the system being chaotic
and lacking analytical description. Consequently, generally applied descriptions are empirical correlations
based on experimental data, which do not generalize well with respect to particle shape or device geometry.
This, in turn, hinders optimization efforts for the industrial process as such efforts are, due to the missing
general model, typically conducted through trial and error. To overcome these limitations, an alternative
approach using high-fidelity numerical models may provide key insights for optimization.

High-fidelity numerical models offer multiple options for describing the behavior of fluidized beds or sus-
pension flows in general, while each option strikes a specific balance between computational cost and result
accuracy. Key factors to consider, apart from the model scale, are strategies for modeling underlying physi-
cal mechanism, such as (i) volume forces, (ii) particle-fluid interactions, and (iii) particle-particle/particle-
boundary interactions [4]. Individual approaches vary in the treatment of the listed mechanisms.

For example, mixture models (MM) offer low computational cost when assuming sufficiently small
volume fractions of dispersed particles, so that the whole system is described with a single momentum
equation within the Eulerian framework [5]. This comes at the cost of treating volume forces via closure
relations and leaving unresolved particle interactions. A more precise representation can be obtained using
two-fluid models (TFMs), which describe both the fluid and the solids as interpenetrating Eulerian continua,
each governed by its own set of equations. This model relies predominantly on closure relations, following
kinetic theory for granular flows [6], thus hindering its calibration for high solid fractions and nonspherical
particle shapes.

At the opposite end of the spectrum are particle-resolved direct numerical simulation (PR-DNS) models,
whose standard implementations use the discrete element method (DEM) for particle tracing and collision
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treatment and computational fluid dynamics (CFD) for direct numerical simulation of fluid flow. Fluids
and solids are typically coupled via a variant of the immersed boundary method (IBM) [7, 8]. Such models
typically achieve high accuracy but are constrained by computational costs.

While PR-DNS models are not suitable for large-scale problems, they might be used to model a section
of the device, in this case a fluidized bed, to obtain large-scale properties such as collision frequency or
granular temperature, applicable for calibration of TFMs. To accomplish this goal, validation of PR-DNS
results is required. Therefore, in this contribution, we will use the in-house developed PR-DNS solver
OpenHFDIB-DEM [9, 10] to simulate a section of pseudo-2D fluidized bed. Since this configuration
benefits from well-documented experimental data [11], it enables us to develop a methodology to evaluate
key parameters: solid volume fraction, collision frequency, and granular temperature. Furthermore, we
investigate the effects of sampling region size and depth on the obtained data.

2 Mathematical model

Let us first present the fundamentals of the applied PR-DNS model, the OpenHFDIB-DEM project. The
project is a monolithic code that combines CFD and DEM methods via IBM, implemented as an extension
to the OpenFOAM library [12]. For the system of gas-solid fluidized bed comprising spherical particles.
A Newtonian fluid is considered with the assumption of incompressible flow. Thus, the fluid governing

equations are written as
ou

— +V:-(u®u)-V-(vVu) =-Vp+g+ fir, V-u=0,
ot (1)
M(u)

where v kinematic viscosity, p kinematic pressure, w is the fluid velocity, and g the graviational
acceleration. The forcing term fi, is induced by the immersed boundary and constructed to impose the
presence of the solids onto the surrounding fluid.

The computational domain is Q = I X Q with I being the simulation time span and Q c R> representing
the spatial geometry of solved problem. Each individual particle is projected into €2 using the color function
A, denoting whether the part of the domain is a fluid (), solid (€2) or fluid-solid interface (I'sf), with
moving particle velocity denoted as ui,. The forcing term and the color function can be defined as

0 in Qf
fiv =ceil() fiv, fio=M(up)+Vp-g, A= 1 in Qg 2
(0,1) in Ty

with fib being the immersed velocity-induced forcing defined in Q. In the context of (2), fip is the restriction
of fir, on Q U T via the A field.

Fluid governing equations (1) are discretized via the finite volume method (FVM) and solved in a
segregated iterative manner, using the PIMPLE Loop [13]. For further details regarding this specific IBM
implementation, the reader is referred to works Municchi and Radl [7], Isoz et al. [9].

The behavior of the particles forming € is then described by DEM, the Lagrangian framework governed
by Newton’s second law of motion. For each solid (body B;) present within Q, the governing equations for
its translational and rotational motion can be given as,

2
mi%=f§+fid+f§, Ii%:t?+t§, (3)
where m; represents the mass of B;, x; its centroid position, w; its angular velocity and I; is the matrix
of its inertial moments at time . The f and ¢ denote, in order, forces and torques acting on $;. In the
present contribution, the sources considered are gravity/buoyancy, drag, and collision forces, denoted by
superscripts ’g”, ’d”, and ’c”, respectively.
The drag and gravity induced interactions on the right-hand side of equations (3) are computed as

= /ﬁpffide, td = /ﬁpf (x—x) X findV,ff=mig |1- p_;i , )
B; B; s
where pr and pfg i are the densities of the fluid and B;, respectively.

The treatment of contact forces and torques employs a soft-DEM approach that evaluates contact
interactions based on the magnitude of solid-solid overlap and material properties of individual bodies,
namely the Young modulus Y, Poisson ratio v, coeflicient of restitution & and coeflicient of friction u. Due
to the complex nature of the contact treatment implementation, which is out of scope of this contribution,
the reader is referred to Studenik et al. [10].
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Figure 1: (a) Outline of computational domain with two types of sampling boxes highlighted. (b) Sampling
boxes of side 15 d}, and depths of 1dp, 2 d,, and 3 dp; visualization of particles, solid volume fraction, and
velocity contours at ¢ = 2.34 s are shown. (c) Same as (b) but for boxes 0d,, 1d,,, and 2 d;, away from the
column front, and at time ¢ = 2.60 s. (d) Full view of the simulated column at r = 2.48 s.




