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Outline 

Dilute riser flow reactors are commonly encountered in the chemical and petro-chemical 

industries. Many kinds of chemical processes are carried out in riser reactors such as Fluid 

Catalytic Cracking (FCC), coal and biomass gasification/combustion and Fischer Tropsch synthesis.  

A typical feature of this type of reactors is the formation of particle agglomerates (clusters), 

especially at areas close to the riser walls. The influence of these clusters on the riser performance 

has never been well understood and the scale-up of this type of reactors has always been 

complicated. By using results from computational fluid dynamics (CFD), the reactor design can be 

continuously improved without the need of expensive experimental trials at such large scale. 

In this project, direct numerical simulations (DNS) are used to gain more insight about the effect 

of particle clusters on mass transfer phenomena that take place in dilute riser flow reactors. Since 

DNS resolves all the relevant transport phenomena on the smallest relevant length scale, 

simulations of these cluster arrangements can be computationally very expensive. By the 

implementation of (scaled) periodic boundary conditions for the species field, these 

computational expenses are reduced. 
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Introduction 

Heterogeneous Flow Structures in Fluidized Bed Reactors 

Fluidization involves a gas flow that is supplied through a bed of solid particles at a sufficient 

velocity, such that the entire suspension of solid particles behaves like a fluid. Because of the 

enhanced particle–fluid heat/mass transfer and chemical conversion rates in fluidized beds, 

fluidization is employed in several industrial applications such as coal combustion, fluid catalytic 

cracking, gasification, coating processes and pyrolysis. Advantages of using a fluidized bed reactor 

are, among others, the enhanced heat and mass transfer phenomena due to an efficient gas-solid 

interaction and intense particles mixing.1 Due to riser hydrodynamics, which consist of a core-

annulus flow, cluster formation is very frequent under fast fluidization regimes. Within the core-

annulus flow, particles tend to segregate into clusters and streamers that migrate to the walls, 

thus forming a dense annulus and dilute core structure.2 

In literature, numerous empirical correlations to compute the fluid-solid mass transfer coefficient 

have been presented. These have been reported for isolated particles and dense particle 

arrangements (swarms), as encountered in fluidized suspensions. Although these correlations are 

very useful for design purposes and allow engineers to make quick estimates of the average rates 

of mass and heat transfer, it is not possible to obtain information on the (spatial) distribution of 

these quantities in dense arrays (clusters). Moreover, for systems involving polydisperse and/or 

non-spherical particles, such as the core-annulus flow within riser flow reactors, these 

correlations are not well-established.3 

The occurrence of these heterogeneous flow structures within gas-solid flow seriously affect the 

contact between the gas and solid phase, and thus the transport phenomena in riser reactors. 

Particle cluster formation can be assigned to different phenomena such as particle collision 

dissipation and non-linear drag at the surface of the 

particles. For circulating fluidized bed reactors, 

particle collision dissipation has the strongest 

influence on particle clustering. When dissipative 

particle collisions happen inside the reactor, a large 

part of the energy is dissipated in the collisional 

process and therefore a much smaller part of 

energy is available for particle suspension, causing 

the particles to fall down and form heterogeneous 

flow structures (Figure 1).5, 6, 7 

 

 

 

Figure 1: Cluster formation in fluidized bed reactors4 
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Multiscale Modelling Strategy  

To model the behaviour of fluidized systems, a multiscale modelling strategy can be used. The 

multiscale modelling strategy is composed of computational models that are applied at different 

scales, such as the Two-Fluid Model (TFM), the Discrete Element Model (DEM) and Direct 

Numerical Simulation (DNS).  The difference between each of these methods is the scale on which 

they compute the particle-particle and particle-fluid interactions (Figure 2).  

 

 

 

 

 

 

 

The TFM solves the Navier-Stokes equations with the use of equations derived from the Kinetic 

Theory or Granular Flows (KTGF) to model the solids motion. The TFM models the solid and fluid 

as continuous phases, thus not resolving the interstitial flow between the solid particles nor the 

flow surrounding the aforementioned particle clusters. The TFM treats the dispersed solid phase 

as a separate continuum with its own set of governing equations for the momentum equations. 

TFM studies regarding gas-solid phases with cluster formation have been studied over the last 

few years, resulting in reasonably accurate models to describe the system.9, 10, 11 

On smaller length scales, either DEM or DNS can be used to solve the governing equations for 

mass, momentum and energy. One of the differences between the two aforementioned models 

is that DEM resolves the governing equations on a grid that is larger than the particle size and 

requires effective drag correlations to simulate the hydrodynamic interaction between the fluid 

and the solid phase. DEM models have been used in literature to describe dense gas-particle flow 

which also include cluster formation. 8, 12, 13 

DNS, on the other hand, implements a grid smaller than the particle size and the interactions are 

not modelled via empirical correlation, but emerge from the boundary conditions that are 

imposed at the surface of the particles. Although DEM can handle more particles that DNS (105 

versus 103 respectively), the fluid-solid interaction is much more accurately resolved by DNS. 

However, computational expenses are much larger for DNS. In this report, DNS will be used to 

resolve the detail of the transport phenomena at the smallest relevant length scale. 

 

Figure 2: Multiscale modelling approaches on different 
levels: Direct Numerical Simulation (DNS), Discrete 
Element Model (DEM) and the Two-Fluid model (TMF) 8 
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Direct Numerical Simulations 

To accurately model the fluid-particle interaction for a dense fluidized bed reactor, DNS can be 

implemented to fully resolve the system at the smallest relevant length scale. Several DNS 

methods have been proposed in the past decades such as the Lattice-Boltzmann Methods (LBM) 

and the Immersed Boundary Method (IBM). In LBM, an approximate Boltzmann equation is solved 

on a lattice to mimic gas collisions. Consequently, the hydrodynamic behaviour of the system 

emerges due to the momentum conservation of the collision. For IBM, solid particles are 

“immersed” in a viscous flow, in which the Navier-Stokes equations are solved for so-called ghost 

cells (i.e. cells)) in the immersed body that have at least one neighbour in the fluid phase (Figure 

3). In this report, IBM will be implemented to provide the necessary boundary conditions for the 

DNS simulations. 

 

Immersed Boundary Method 

As mentioned before, in DNS-IBM, the solid particles are “immersed” in a viscous flow, in which 

the simulations are carried out on a Cartesian grid that does not conform to the geometry of the 

particle. A grid that is conformed to the surface of the immersed body is very cumbersome to 

simulate: even simple geometries require significant input. Simulations performed on grids that 

do not conform to the immersed body are not significantly affected by the complexity of the 

geometry of the immersed body. 

As mentioned before, DNS simulate the fluid-particle interactions not via empirical correlation, 

but they emerge from the boundary conditions applied at the surface of the particles. Boundary 

conditions can be imposed via a forcing function within the source term of the continuity 

equations. Two methods are possible to impose this force function: the “Continuous Forcing 

Approach” (CFA), in which forcing function is incorporated into the continuity equations before 

discretization and the “Discrete Forcing Approach” (DFA), in which the forcing is introduced after 

discretization.  

One of the advantages of CFA is its flexibility with respect to 

the degree of rigidity of the immersed body: the distributed 

force is imposed on the momentum equations of the 

surrounding nodes, mimicking the elastic or rigid effect of the 

boundary on the surrounding fluid. For DFA, two kinds of 

approaches of imposing the boundary conditions are possible: 

direct and indirect imposition. The indirect imposition 

requires an a priori estimate of the forcing term, while the 

direct imposition uses interpolation schemes of different 

ghost-nodes to accurately impose the boundary conditions of 

the immersed bodies.  

 

Figure 3: Direct imposition via the ghost 
nodes approach14 
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Although DFA enables a sharp representation of the immersed body (which is especially desirable 

at higher Reynolds numbers), this method is more difficult to implement compared to CFA and it 

also usually requires the implementation of a pressure boundary condition. However, DFA does 

not introduce extra stability constraints and also decouples the equations for the fluid nodes from 

the solid nodes, eliminating the solutions of the governing equations for solid grid nodes. In this 

report, the direct DFA approach will be implemented to accurately resolve the necessary 

boundary conditions for the DNS. 

The IBM method was originally developed by Peskin15 concerning cardiac flow problems. A full 

detailed review towards IBM has been done by Mittal and Iaccarino16. Deen et al.17 have used a 

DFA-IBM approach successfully to resolve the Navier-Stokes equations for a dense gas-particle 

system. Deen and Kuipers8 studied the convective mass transfer to stationary random arrays of 

spheres. However, mass transfer phenomena inside particle clusters was not the topic of any of 

these contributions and DNS mass transfer studies in dense gas-particle flow have gained much 

less scientific attention. The aim of this report is to gain insight about the different mass transfer 

mechanisms that take place when a particle arrangement interacts with the gas phase. 

 

Homogeneously Structured Particles 

Before investigating gas-solid interactions between cluster 

arrangements and gas phase by means of DNS, heterogeneously and 

homogeneously distributed particles are simulated.  

It is to be expected that the mass flux in homogeneously structured 

packings is higher than in random particle arrangements, due to the 

absence of preferred pathways of the fluid through the 

homogeneoulsy structured particles compared to cluster formations. 

Since the particles will be evenly distributed over the computational 

domain, the gas stream is not expected to circumvent dense regions 

and fully interact with the particles. Thus, mass transfer from the fluid 

to the particle is expected to be higher than in cluster arrangements, 

where the fluid can seek for more dilute pathways, due to their lower 

resistance to the fluid flow. This can result in a higher Sherwood 

number. The porosity of the system (𝜀𝑣) is also connected to the 

formation of preferred pathways of the fluid. The packing porosity of 

a unit cell is defined in Eq. 1: 

 

3

 

1
61 1

p p
p p

v
unit cell x y z

N dN V
V L L L


       (1) 

In this report, three different homogeneous structured packings are evaluated: Simple Cubic 

packing (SC), Body-Centered Cubic packing (BCC) and Face-Centered Cubic packing (FCC). The unit 

cell of each structure is represented in Figure 4. The number of particles per unit cells (𝑁𝑝) differs 

Figure 4: Unit cell of a SC 

structure, a BCC structure and a 

FCC structure18  
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per chosen structure: SC only has one particle per unit cell, BCC has two particles per unit cell and 

FCC has four particles per unit cell. 

Yang et al.19 investigated forced convective heat transfer in SC, BCC and FCC close structured 

packings at different Reynolds numbers, and stated a correlation for the Nusselt number for each 

packing as function of the Reynolds number. Since the Nusselt number can be seen as the heat 

transfer analog of the Sherwood number, this equation can be rewritten for the investigation of 

mass transfer in structured particle packings (Eq. 2).  

 1 3
1 2

n
pSh a a Sc Re    (2) 

The 𝑆𝑐 (Schmidt number) and 𝑅𝑒𝑝 (particle Reynolds number) are defined as: 

                                                      0 f f p
p

f f f

u d
Sc Re

D
 

 
 and   (3) 

Each of the fitting parameters (𝑎1, 𝑎2 and 𝑛) as well as the packing porosity (Eq. 1) according to 

Yang et al. are given in Table 1. The 𝑎1 fitting parameter has a large influence on the Sherwood 

number at lower Reynolds numbers, while the 𝑎1 and 𝑛 fitting parameter are especially important 

regarding higher Reynolds numbers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structure 𝒂𝟏 𝒂𝟐 𝒏 𝜺𝒗 

SC 1.73 0.16 0.70 0.50 

BCC 1.80 0.40 0.63 0.34 

FCC 1.60 0.41 0.67 0.28 

Table 1: Fitting parameters for SC, BCC and FCC according to Yang et al. 

Figure 5: Simulation set-ups, as investigated by Yang et al., for each homogeneously 
structured packing. Eight unit cells are simulated in order to obtain heat transfer data at 
steady state of each structured packing 
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In Figure 5, the computational set-up of Yang et al. is given. Instead of applying periodic boundary 

conditions for the species and velocity field, multiple images (eight) are simulated of the same 

unit cell. The heat transfer coefficient ℎ𝑓  (Eq. 4) is obtained by averaging the data obtained from 

the last three unit cells. The driving force (𝑇𝑃 − �̅�𝑓) is defined as the difference between the 

temperature at the surface of the particle and the average fluid temperature, based on the in- 

and outlet temperature of a unit cell (Eq. 5). In the non-streamwise direction (y and z direction), 

Neumann boundary conditions for both the velocity and the species field are applied. 

 
7
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  (5) 

The CFD-DNS code will be used to check the mass transfer within the three aforementioned 

homogeneous particles arrangements at different porosities (0.5, 0.7 and 0.9) and at a different 

range of Reynolds numbers (0 – 800). Due to the fact that no periodicity for species and velocity 

is applied in the non-streamwise direction, and the fact that no full unit cells (as given in Figure 5) 

are modelled by Yang et al., it is to be expected that the result from the CFD-DNS code will slightly 

differ, thus different fitting parameters will be obtained. 

The obtained results for mass transfer within structured packing is further compared to the 

empirical Gunn equation, given in Eq. 6. This equation, stated by Gunn20 was obtained from 

experimental measurement of heat transfer to particles within a packed bed reactor (random 

structure).  

 2 0.2 1 3 2 0.7 1 3(7 10 5 )(1 0.7 ) (1.33 2.4 1.2 )v v v vSh Re Sc Re Sc            (6) 

Comparable to the correlation used by Yang et al., the Gunn correlation states a relation between 

the Sherwood number and the particle Reynolds number. The equation gives a description of the 

aforementioned mass transfer within the packing porosity range of 0.35 to 1 and up to Reynolds 

number in the order of 105. 
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Cluster simulations - CFD-DEM model 

A discrete element model (CFD-DEM) has been validated by 

Carlos Varas et al.21 to predict riser hydrodynamics and cluster-

related properties in a pseudo-2D riser reactor. Within this model, 

the Navier-Stokes and continuity equations are solved to compute 

the flow of the gas phase by means of a finite difference method. 

The collision forces between the particles (0.8 mm glass beads) 

are computed by means of a soft sphere model, first proposed by 

Cundall and Strack22. Carlos Varas et al. have shown that CFD-DEM 

accurately predicts key features of heterogeneous riser flows, 

such as the cluster properties that are of relevant importance on 

the efficiency of the gas-solid contact, and thus the performance 

of a riser reactor. 

An in-house Matlab™ model was made to post-process the data 

obtained from the CFD-DEM model (Figure 6).  By setting uniform 

thresholds of solid volume fraction, the wake and the core of a 

cluster can be detected. This script can identify clusters of 

different size and porosity within the given data. The position of 

the particles within these clusters can be used as entry data for 

the CFD-DNS code, thus enabling a possibility to employ both 

models regarding mass transfer in particle clusters. 

Objective 

The goal of this project is to successfully use DNS-IBM to mimic mass transfer phenomena in 

heterogeneously and homogeneously structured particle arrangements. By implementing 

periodic boundary conditions for species and velocity, computational expenses can be reduced. 

The obtained results (Sherwood numbers) are compared to values found in literature for 

homogeneous structured packing (Yang et al.) and for heterogeneous structured packing (Gunn 

equation). Furthermore, particle data obtained from a CFD-DEM model will be used as entry data 

for the CFD-DNS code, to accurately model mass transfer within cluster arrangement. 

 

 

 

 

 

 

 

Figure 6: Pseudo-2D riser system in 
CFD-DEM model, as modelled by 
Carlos Varas et al. 
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Model description 

The CFD-DNS model employed in this report consists of two parts: one part models the fluid phase 

and the other part treats the solid phase within the system. These main assumptions are used for 

calculations: 

(1) The fluid phase is incompressible and Newtonian. 

(2) The physical properties of both phases are constant. 

(3) The solid phase consists of spherical particles with uniform concentration. 

 

Fluid phase 

The transport phenomena in the fluid phase are governed by the continuity equations for mass, 

momentum and chemical species, which are respectively given by: 

 ( ) 0 u  (7) 

 2( )f
f f fp

t


  


     



u

uu u g  (8) 

 2( )f
f f

c
c D c

t


   


 u  (9) 

In these equations 𝜌𝑓,  𝜇𝑓 and 𝐷𝑓  represent the density, dynamic viscosity and the diffusivity of 

the fluid.  

 

Solid phase 

The mass transfer from the fluid to the surface of the particles is calculated by enforcing a zero 

concentration on the surface of the particle, thus ensuring a completely mass transfer limited 

reaction. 

 0sc   (10) 

The mass transfer from the fluid to the surface of the particle is given by Eq. 11. 

 ( ) m
f s D c dA    n   (11) 

Numerical solution 

The fluid phase equations are solved in three dimensions on Cartesian coordinates with uniform 

grid spacing. Velocity nodes are located at the faces of each cell, while the nodes for scalar 

quantities, such as the concentration, are located at the centre of the cell. The momentum 

equation (Eq. 8) is discretized in time by a first order Euler discretization, which results in Eq. 12: 
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 1 1 1 1( + )n n n n n
f f m m ft p         u u D C g   (12) 

The time index in Eq. 12 is given by the symbol 𝑛. The convective and diffusive momentum fluxes 

𝑪𝑚 and 𝑫𝑚 are defined in Eq. 13: 

 
2 , ( )m f m f    D u C uu   (13) 

As can be deduced from Eq. 13, both the convective and diffusive momentum fluxes are treated 

implicitly. The diffusive momentum flux is approximated with a standard central second-order 

finite difference model, whereas the convective momentum flux is approximated with a second-

order flux limited Barton-scheme, as described by Centrella23. 

 

Fluid-solid coupling 

Discretization of the transport equations for momentum and chemical species, as given by Eq. 8 

and 9, lead to algebraic equations of the following general form:  

 f f nb nb
nb

a a b     (14) 

𝜙𝑖 represents either the fluid phase velocity component 

or the species concentration in the fluid. The right-hand 

side of Eq. 14 (𝑏) represents the source term. Eq. 14 is 

solved for all fluid nodes exterior to the particle and 

relates a fluid node (𝑓) to the six neighbouring nodes (𝑛𝑏) 

in the 3D computational domain.  

As mentioned previously, the influence of the solid phase 

is introduced via ghost nodes (Figure 3), which are 

located at the edge of the solid phase. After identifying 

which nodes are situated within these ghost cells, the 

fluid-solid coupling is achieved by applying a special 

boundary condition for Eq. 14, namely 𝜙𝑛𝑏 = 𝜙0. Via a 

one-dimensional linear combination, 𝜙0 can be coupled 

to the neighbouring fluid nodes 𝜙1 and 𝜙2 (Figure 7), as 

well as to the desired value at the particle surface 𝜙𝑝: 

 0 1 2
2 2

1 2 (1 )(2 ) p
 

   
   

   
   

  (15) 

Having solved the fluid properties such as the pressure, velocity and concentration of each fluid 

node, the mass transfer rate (Eq. 11) within the system needs to be evaluated. The local 

dimensionless gradient at the particle surface for each of the aforementioned fluid properties is 

given by Eq. 16: 

Figure 7: Incorporation of the boundary 
condition for a general fluid quantity 𝜙 17. By 
using Eq. 15, solid nodes can be coupled to fluid 
nodes  
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   (16) 

Using this gradient, the local mass flux at the particle surface  can be calculated (Eq. 11), 
which can be used to calculate the domain average mass transfer coefficient . This  is a 
function of the aforementioned local mass flux, number of particles per unit cell ), the area of 
the particle(s) within the unit cell ) and the concentration driving force per unit cell : 

   (17) 

   (18) 

As can be seen, the driving force per unit cell is defined as the difference between the 
concentration at the surface of the particle and the cup average concentration at the inlet of the 
computational domain. Yang et al. defined this driving forces differently, as can be deduced from 
Eq. 5, thus a slight difference in Sherwood number can be expected. 

The mass transfer coefficient is then used to calculate the domain averaged Sherwood 
number : 

   (19) 

 

Scaled Periodic Boundary  
To investigate the mass transfer phenomena when clusters are present in a fluidized bed, CFD-
DNS is used to fully resolve the momentum Navier-Stokes equations and the diffusion convection 
equations for mass transfer.  

 
 

 

 

 

 
 
 
 
 

Figure 8: A schematic representation of periodic boundary conditions through the use of ghost cells. Cell 
and  represent the boundaries of the computational domain, cells  and  represent the implemented
ghost cells 
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To reduce computational effort, periodic boundary conditions are implemented, which are 
applied for the velocity field as well as the induced species field. Periodic boundary conditions are 
used to downsize the computational domain by taking advantage of periodicity in the structure 
of the flow or similarity in the boundary conditions defining the problem. By implementing ghost 
cells at the edge of the computational domain, each side of the domain can be cross-linked (Eq. 
20) to the opposite side, thus ensuring periodic behaviour (Figure 8).  
 
   (20) 

The use of periodic boundary conditions in CFD simulations to reduce computational expenses is 
a well-known method. Many commercially available CFD codes have some form of periodic, open 
or combined condition for domain boundaries. While these periodic boundary conditions can be 
implemented in numerous ways, Sani and Gresho24 suggested global properties that periodic 
boundary conditions should possess: they should permit both the flow and anything it carries to 
the exit of the domain gracefully and passively, not have any effect on the behaviour of the 
solution in the domain near the periodic boundary and they should be transparent (i.e. the 
boundaries must be invisible to the flow domain.  

 

 

 

 

 

 

Unfortunately, normal periodic boundary conditions do not always hold, as can be seen in Figure 
9, which represents a constant flow in a duct of constant cross section. At sufficiently large 
distances from the inlet, the velocity distribution becomes independent of the streamwise 
coordinate, i.e. the stream becomes fully developed. For the concentration field however, the 
distribution does not become independent of the streamwise coordinate. To implement periodic 

boundaries for the species field when Neumann boundary condition are applied at the wall (  

= constant), the periodic boundary must be scaled with a scaling coefficient :  

   (21) 

 

Figure 9: Streamwise dependency for velocity profile (upper) and species profile at
steady state for constant wall flux (middle) and constant wall concentration (lower) 
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In case of a constant wall concentration (Dirichlet boundary condition, 𝑐𝑠 = constant), the 

concentration profile will decrease exponentially instead of linearly, thus changing the definition 

for the scaling coefficient 𝛼: 

 (0, , ) ( , , )xc y z c L y z     (22) 

Before investigating the convective mass transfer due to the implementation of particles with a 

scaling coefficient, two straightforward cases were investigated to validate the implementation 

of the scaling coefficient 𝛼. The first case (case A) involves the implementation of a constant 

negative wall flux to initiate mass transfer, while in the second case (case B) mass transfer is driven 

by a constant negative wall concentration.   

In literature, the implementation of a scaled boundary conditions for species and temperature 

are widely used. Patankar and Sparrow25 investigated the use of a scaled boundary condition on 

the temperature profile inside a transverse plate array, using a fixed wall temperature as well as 

a fixed wall flux. Murthy and Mathur26 simulated successfully both laminar and turbulent flow 

regimes with periodic flow conditions and scaled periodic heat condition in a variety of heat 

exchanger geometries. El Soukkary and Straatman27 used a scaled boundary condition 

successfully to investigate a 2D system with flat and wavy-walled channels under both induced 

and counter current flow conditions. 

 

Calculation of Scaling Coefficient 𝛼 – Case A 

A compound is fed at the inlet plane of the simulation domain, which will react away at the walls 

of the computational domain at a constant rate. Normal periodic boundary conditions for the 

species cannot be applied in the flow direction, as discussed before. To resolve this problem, a 

scaled boundary condition should be implemented. It is to be expected that the cup-averaged 

concentration (𝑐�̅�) decays linearly in the flow direction, since species reacts away at the wall at a 

constant rate. To implement this scaling factor 𝛼, the governing diffusion-convection equation 

(Eq. 23) is integrated over a slice with width 𝛥𝑥 at steady state, the Gauss’ divergence theorem is 

applied and Eq. 11 is implemented to obtain equation 24: 

   0f f
c c D c
t


   


u   (23) 

  ( ) ( )f f y z
particle 
surface 
in slice

m
f sc x x c uL Lx      (24) 

In which the cup average concentration 𝑐�̅� and cup average velocity 𝑢 ̅are defined as: 
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  (25) 
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  (26) 

By taking an infinitesimal 𝛥𝑥, a differential equation for the cup-averaged concentration can be 

obtained (Eq. 27): 

 






f particle

m
f s

s

y z

d
dx uL L
c

  (27) 

As can be noticed, we have effectively coarse-grained over all particles. By solving this differential 

equation for the entire fluid domain, we finally obtain Eq. 28, which states an expression between 

the cup average concentrations and the scaling coefficient 𝛼: 

  ( ) ( ) particles
s

y z

m

f

f

x fc x L c x
uL L





   


  (28) 

A suitable generalized periodic boundary condition for the fluid cells at the in- and outlet of the 

domain is given in Eq. 29, which is a viable equation since it is obeyed at a coarse-grained level by 

the cup-average concentrations. 

  ( ) ( )f fxc x L c x      (29) 

After performing a time step from time 𝑡𝑛 to 𝑡𝑛+1, the concentration field 𝑐𝑥,𝑦,𝑧
𝑛+1  is available. Using 

this new solution, 𝛼𝑛+1 can be computed. For determining the solution of 𝑐𝑥,𝑦,𝑧
𝑛+1   the value of 𝛼𝑛 

is used. The 𝛼 coefficient is implemented by setting certain markers, called flags, within the code 

for certain cells. By giving the ghost cells at the in- and outlet plane of the computational domain 

specific flags, the 𝛼 coefficient will be taken into account according to Eq. 30 and Eq. 31. 

 (0 ) ( )c , y,z = c nx,y,z    (30) 

 ( 1 ) (1 )c nx+ ,y,z = c ,y,z +   (31) 

To ensure conservation of mass holds within the system, a correction term is added to the 

calculation of the 𝛼 coefficient (Eq. 32). This correction factor is defined as the difference between 

the amount of moles within the system at each time step compared to the initial amount of moles 

within the system. An additional scaling factor of 0.1 was implemented to obtain accurate results. 
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  (32) 

Both definitions for the scaling coefficient will be used and compared for simulations regarding 

mass transfer. 
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Calculation of Scaling Coefficient 𝛼 – Case B  

For case B, the species reacts away on the surface of the immersed particles due to a zero wall 

concentration. It is to be expected that the cup-averaged concentration (𝑐�̅�) decays exponentially 

instead of linearly in the flow direction, which is also dependent on the imposed concentration 

on the surface of the particle (𝑐𝑠).Therefore the following equation can be stated which correlates 

the outlet concentration to the inlet concentration:  

  (0, , ) ( , , )f s f x sc y z c c L y z c      (33) 

Similar to case A, the convection-diffusion equation is stated (Eq. 34), integrated over a slice with 

width 𝛥𝑥, the Gauss’ divergence theorem is applied and Eq. 11 is introduced to obtain equation 

35: 

  ( ) 0f s f
c c c D c
t
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The cup average values for the concentration and velocity are equal to Eq. 25 and Eq. 26 

respectively. In contrast to case A, the right hand side of Eq. 35 (the species flow to the solid 

phase) is not a constant when implementing a constant wall concentration. Therefore, by 

introducing a closure relation for the mass transport to the particle (Eq. 36) and coarse-graining 

over the particle scale, we obtain Eq. 38.   

    ( ( ) ( ( ) () )  )f s f s y z fm sc x x c c x c uL L xk c c dA       (36) 
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   (38) 

For a periodic flow where the mass transfer coefficient (𝑘𝑚), the area of the particle (𝐴𝑝) and the 

flowfield (�̅�𝐿𝑦𝐿𝑧) are constant; the exponential ratio expressed in Eq. 38 is also constant and equal 

to the 𝛼 coefficient. In Eq. 39, the generalized periodic boundary condition for case B is given. 

 ( , , ) ( ( , , ) )x s sc x y z c x+L y z c c     (39) 
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Equal to case A, the scaling coefficient will be taken into account by giving the ghost cells at the 

in- and outlet plane certain flags and applying Eq. 40 and Eq. 41. 

 (0, , ) ( ( , , ) )s sc x y c nx y z c c     (40) 

 1( 1, , ) ( (1, , ) )s sc nx x y c y z c c       (41) 
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Results & Discussion 

Convective Mass Transfer - Single Stationary Sphere 

The mass transfer to a single particle was investigated in order to validate the given CFD-DNS 

code. The parameters used for the direct numerical simulations are given in Table 2. 

   Table 2: Data used for the simulation of convective mass transfer to a stationary particle 

 

 

 

 

 

 

The particle was placed at the centre of the domain, which was positioned at a distance 3𝑑𝑝 from 

the inlet to ensure a developed flow field. Neumann boundary conditions are applied at the wall 

for the species and velocity field. For these simulations, a 120 x 80 x 80 grid was used with uniform 

grid spacing in all directions. For a single sphere, the expression for the particle Sherwood number 

(𝑆ℎ𝑝) is given by the well-known and well-used28, 29 empirical Frössling equation30:  

11
322.0 0.6( ) ( )p pSh Re Sc                                      (42) 

To ensure a stable numerical system, the Courant-Friedrich-Lewis (CFL) stability criterion (Eq. 43) 

was set to 0.25. The CFL number effectively represents the part of a grid cell that the fluid will 

traverse by advection per time step. It is a necessary condition for convergence of the governing 

model equations within the code. At higher particle Reynolds number, a value of 0.2 was chosen 

to ensure numerical stability. 

 0u dtCFL
dx

   (43) 

 

 

 

 

 

 

 

Parameter Symbol Value Unit 

Domain dimensions 𝑛𝑥 𝑛𝑦 𝑛𝑧 120 x 80 x 80 [-] 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 4.0E-5 [m] 

Time step 𝑑𝑡 2.0E-5 [s] 

Particle diameter 𝑑𝑝 8.0E-4 [m] 

Fluid density 𝜌𝑓 1.0E+0 [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5 [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5 [m2/s] 
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Table 3: Computed mass transfer coefficients for a stationary sphere for several particle Reynolds numbers and comparison 
with the Frössling equation and Deen et al. (2012) 

*These were not calculated by Deen et al., 2012. Therefore, no comparison could be made 

The computed Sherwood numbers (Eq. 18) for different particle Reynolds numbers are compared 

with the results obtained from the Frössling equation and the results from Deen et al. (2012) 

which are given in Table 3. In order to change the particle Reynolds number, the inlet velocity was 

varied from 0.5 m/s (𝑅𝑒𝑝 = 20) to 20 m/s (𝑅𝑒𝑝 = 800). At the higher particle Reynolds numbers 

(𝑅𝑒𝑝 ≥ 400), vortex shedding occurs, thus resulting in a fluctuating mass transfer coefficient. In 

these cases, an average mass transfer coefficient was given in Table 3. 

As can be deduced from Table 3, the results from the simulation match very well with the results 

from Deen et al. (2012), attaining a relative error below 1%. Comparing our results to the ones 

obtained with the Frössling equation, we can say that the results also match well, with a maximum 

relative error of 3.9%. 

  

 

𝑹𝒆𝒑 

Mass transfer Coefficient 𝒌𝒎 (m/s) Relative error (%) 

DNS Frössling (Eq. 42) Deen et al. (2012) Frössling (Eq. 42) Deen et al. (2012) 

20 0.11256 0.11708 0.11254 -3.87% 0.01% 

40 0.14128 0.14487 0.14179 -2.48% -0.36% 

60 0.16324 0.16619 0.16400 -1.77% -0.47% 

80 0.18184 0.18416 0.18280 -1.26% -0.52% 

100 0.19848 0.20000 0.19959 -0.76% -0.55% 

200 0.26769 0.26213 0.26862 2.12% -0.35% 

400 0.35910 0.35000 0.36140 2.60% -0.64% 

600 0.42357 0.41742 -* 1.47% -* 

800 0.47342 0.47426 -* -0.18% -* 
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Validation 𝛼 Coefficient 

To check whether the scaling coefficient α was correctly implemented, different simulation cases 

were performed. By applying different boundary conditions, the observed concentration profile 

and the computed Sherwood number at low Reynolds number are obtained and the numerical 

accuracy of the scaling coefficient can be evaluated.  

For cases A1 and B1, the computational domain consisted of a long rectangular box in which 

Neumann boundary conditions are applied to the species field in the streamwise direction at the 

inlet and outlet planes of the computational domain. The simulation domain is initialized with a 

uniform concentration and constant inflow velocity field, and a constant mass flux to the wall 

(case A) or a constant wall concentration (case B) is imposed. After a sufficient amount of time, 

the system reaches its steady state regime. 

For set-up A2 and B2, the computational domain is decreased to the size of a cube. Furthermore, 

the aforementioned scaling coefficient is implemented, and thus periodic boundary conditions 

for the species field are applied in the streamwise direction.  

Literature by Shah and London31 states that for a rectangular duct with steady state laminar flow 

conditions, a Sherwood number of 3.09 should be reached for case A and 2.98 for case B. Although 

the computational domain is ten times smaller, it is expected that at steady state, cases A2 and 

B2 generate the same results as cases A1 and B1 respectively. 

 

Case A - Results & discussion 

Set-ups A1 and A2 are investigated to get a preliminary check on the scaling coefficient α 

calculations and whether the correct boundary conditions for mass and velocity were 

implemented. Both definitions of the scaling coefficient α, as stated by Eq. 28 and Eq. 32 are 

imposed and compared. The computational set-up for both cases is given in Table 4. 

 Table 4: Data used for the simulations of convective mass transfer due to a constant wall flux 

 
For both set-ups A1 and A2, the Reynolds number is low (45) to enforce laminar flow in the 

system. For each set-up, no-slip and free-slip boundary conditions for the velocity field in the non-

streamwise direction are investigated. Results of these simulations are given in Table 5. 

Parameter Symbol Case A1 Case A2 Unit 

Computational grid  𝑛𝑥 𝑛𝑦 𝑛𝑧 200 x 20 x 20  20 x 20 x 20  [-] 
Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 1.0E-3  1.0E-3  [m] 
Time step 𝑑𝑡 1.0E-4  1.0E-4  [s] 
Fluid velocity 𝑢0 4.0E-2  4.0E-2 [m/s] 
Fluid density 𝜌𝑓 1.0E+0 1.0E+0  [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5  2.0E-5  [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5  2.0E-5 [m2/s] 

Wall flux 𝑄𝑓→𝑠 -1.0E+1  -1.0E+1  [mol/m2·s] 
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Table 5: Data used for validating scaling coefficient 𝛼 

 

 

 

 

When free-slip boundary conditions are applied at the wall, a uniform velocity field is imposed 

over the entire computational domain. The simulation of these cases results in Sherwood 

numbers of 5.97 for both simulation domains. When no-slip boundary conditions are applied for 

the gas velocity field in the non-streamwise direction, there is a significant difference between 

the computed Sherwood numbers for both set-ups.  

Figures 10a and 10b show the steady state concentration profile along the streamwise direction 

of the simulation domain. For case A1, a fully developed flow section of the computational domain 

is chosen to perform a comparison with case A2 (0.02 m).  

 

 

 

 

 

 

 

 

 

In Figure 10a, set-up A1 shows a linear decay of the concentration profile in the streamwise 

direction. This is expected, since a constant mass flux is leaving the system at the walls. However, 

Figure 10b (case A2) shows a non-linear decay of the concentration profile. The slight curve within 

the concentration profile suggests that more mass is leaving the system than the mass flux 

prescribes, i.e. the conservation of mass within the system does not hold. Also, the absolute 

concentration value of set-up A2 is very low compared to set-up A1. This problem is most likely 

to be caused by round-off error within the code. 

Furthermore, at the in- and outlet region of the domain, curved profiles are found. This could 

suggest that the boundary conditions are not correctly evaluated within the code, causing a non-

linear decay at the in- and outlet region of the computational domain. 

 

Velocity boundary condition  Case Sherwood number  

Free-slip A1 5.97 

A2 5.97 

No-slip A1 3.12 

A2 3.79 

Figure 10a: Axial concentration profile for case A1 at steady 
state with no-slip velocity boundary conditions in the non-
streamwise direction 

Figure 10b: Axial concentration profile for case A2 at steady 
state with no-slip velocity boundary conditions in the non-
streamwise direction 
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By applying a prescribed pressure gradient over the domain, a body force within the implicit solver 

for the velocity field ensures periodicity. Figures 11a and 11b show the resulting concentration 

profile within the domain for both set-ups, using periodic boundary conditions for the velocity 

field in the streamwise direction and the correction term, as stated in Eq. 32. 

 

 

 

 

 

 

 

 

 

 

 

As can be seen clearly, both cases give the same linear concentration profile. Furthermore, the 

aforementioned problems due to round-off error and conservation of mass seem to be treated 

well, as can also be deduced from the Sherwood number for both set-ups: both set-ups give a 

Sherwood number of 3.11, which is in good agreement with the value by Shah and London 

mentioned previously (3.09). 

 

Case B - Results & discussion 

After successfully implementing the scaling coefficient α with a constant wall flux, case B (a 

constant wall concentration) was investigated. Table 6 gives the computational set-up for these 

simulations, which is equal to case A, except for the constant wall concentration.  

 

 

 

 

 

 

Parameter Symbol Case A1 Case A2 Unit 

Computational grid  𝑛𝑥 𝑛𝑦 𝑛𝑧 200 x 20 x 20  20 x 20 x 20  [-] 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 1.0E-3  1.0E-3  [m] 

Time step 𝑑𝑡 1.0E-4  1.0E-4  [s] 

Fluid velocity 𝑢0 4.0E-2  4.0E-2 [m/s] 

Fluid density 𝜌𝑓 1.0E+0 1.0E+0  [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5  2.0E-5  [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5  2.0E-5 [m2/s] 

Wall concentration 𝐶𝑠 -1.0E+1  -1.0E+1  [mol/m2·s] 

Figure 11a: Axial concentration profile for case A1 at steady 
state with velocity periodic boundary conditions in the non-
streamwise direction 

 

Figure 11b: Axial concentration profile for case A2 at steady 
state with velocity periodic boundary conditions in the non-
streamwise direction 

 

Table 6: Data used for the simulations of convective mass transfer due to a constant wall concentration 
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Axial concentration profiles of cases B1 and B2 are given below in Figure 12a and Figure 12b 

respectively. Similar results to cases A1 and A2 are obtained. Instead of a linear decrease, a curve 

can be seen, as expected due to the exponentially decreasing concentration along the streamwise 

direction. Similarly to case A, both set-ups B1 and B2 gave the same Sherwood number (2.98), 

which is in agreement to the value (2.98) found by Shah and London. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12a: Axial concentration profile for case B1 at 
steady state with velocity periodic boundary conditions in 
the non-streamwise direction 

 

 

Figure 12b: Axial concentration profile for case B2 at 
steady state with velocity periodic boundary conditions in 
the non-streamwise direction 
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Convective Mass Transfer - Homogeneously Structured Stationary Spheres  

In this section, the gas-solid mass transfer phenomena in homogeneous particle arrangements 

are investigated. By imposing a zero concentration at the surface of the particle, mass is 

transferred out of the system.  

A grid dependency study is carried out first. As stated by Versteeg and Malalasekera32, a grid 

independency study is a procedure of successive refinement of an initial coarse grid until certain 

key results (such as the Sherwood number) do not change. Using a finer grid to model mass 

transfer will result in more accurate results, but will be computational more expensive. Therefore 

it is important to determine the right ratio between the particle diameter and the grid spacing at 

different Reynolds numbers, regarding model accuracy and computational expenses. Different 

homogeneously particle structures are simulated to investigate the influence of the packing 

structure on the mass transfer within the system. 

 

Grid Independency Study 

The grid independency of CFD-DNS code has been investigated 

by performing simulations using three different grid sizes 

equal to 𝑑𝑝/20, 𝑑𝑝/30 and 𝑑𝑝/40. The grid size 𝑑𝑝/40 was 

only investigated at Reynolds numbers equal to 200 and 

higher, since these simulations are computational very 

expensive with a simulation time of more than four weeks. The 

obtained Sherwood numbers at different levels of resolution 

were compared. When the results showed the desired 

convergence (i.e. when the deviation was lower than 5%), the 

results were to be considered grid independent. In general, 

the proper grid size is a function of the Reynolds number and porosity of the system. At lower 

porosity, the local velocity field between the particles is much higher than the cup average 

velocity at the inlet plane. By taking the time step small enough, i.e. setting the CFL criterion to 

0.2, numerical stability was ensured. 

Table 7 shows the minimum number of cells per particle to reach a grid-independent solution of 

the Sherwood number. As can be deduced from Table 6, the grid size is dependent on the 

Reynolds number: at higher Reynolds numbers there are more grid cells needed per particle to 

obtain grid independent results. On the other hand, there seems to be no dependency of the 

porosity of the system on the grid resolution, although this was expected due to local higher 

velocity gradients between the particles. Since the 𝑑𝑝/30 grid size was sufficient to obtain grid 

independent results at a Reynolds number of 400, this ratio was not investigated at lower 

Reynolds numbers.  

 

 

𝑹𝒆, 𝜺𝒗  0.5 0.7 0.9 

20 20 20 20 

100 20 20 20 

200 30 30 30 

400 30 30 30 

800 40 40 40 

Table 7: The ratio of particle diameter to 
grid spacing in order to obtain grid 
independent results 
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Periodic boundary equations were used for the velocity field. Therefore, the cup average velocity 

of the computational domain could not be determined in advance, since no accurate pressure-

velocity correlations (such as the Ergun equation) at elevated porosities were available. Due to 

this problem, not every porosity setting could be compared at exactly the same Reynolds number. 

In appendix A the simulation results can be found. 

 

Particle Positioning 

To check whether particles that are implemented at the domain edges influence the mass transfer 

within the system, three different particle arrangements were investigated (Figure 13). Since the 

calculation of the 𝛼 coefficient depends on the cup-averaged concentration at the in- and outlet 

plane (Y-Z plane), a particle adjacent to this plane could influence the values cup-averaged 

concentrations. Thus, this is especially important for the calculation of the BCC and FCC cluster 

arrangement as discussed earlier. The computational set-up for these simulations are given in 

Table 8. 

 

 

 

 

 

 

 

For the first case, the particle is placed at the centre of the domain. In the second case the particle 

is located at the X-Y plane and in the third case, the particle is located at the Y-Z plane (see Figure 

13). The Reynolds number is taken sufficiently low (45) to enforce laminar flow in the system. 

Periodic boundary conditions for species and velocity are applied in each one of the three spatial 

dimensions. 

Parameter Symbol Value Unit 

Computational grid  𝑛𝑥 𝑛𝑦 𝑛𝑧 30 x 30 x 30  [-] 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 1.0E-3  [m] 

Time step 𝑑𝑡 5.0E-3  [s] 

Particle diameter 𝑑𝑝 3.0E-2 [m] 

Fluid density 𝜌𝑓 1.0E+0 [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5  [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5  [m2/s] 

Table 8: Data used for the simulations regarding the influence of particle 

positioning on mass-transfer 

 

Figure 13: Computational set-ups for the study towards the influence of particle position on mass transfer. In the first case 
(left), the particle is placed at the centre of the computational domain, in the second case (middle) the particle is placed in 
the X-Y plane and for the third case (right) the particle is placed at the Y-Z plane 
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The Sherwood number of each case are given in Table 9. As can be deduced from Table 9, the 

calculation of the 𝛼 coefficient holds, and in all cases the same Sherwood number is obtained. 

With these results, we can now safely implement particles at the domain edges, which is required 

for the implementation of the BCC and FCC unit cells within the CFD-DNS code. 

 

 

  

Velocity Field 

Within the chosen range of Reynolds numbers (0 – 800), a clear transition from laminar flow to 

instable flow was seen within the simulations results. At laminar conditions, the velocity field 

within system reaches a smooth steady state (Figure 14 (left)). Around intermediate Reynolds 

numbers, a shift occurs within the flow field. The spatially averaged streamwise velocity relaxes 

to a meta-stable steady state (Figure 14 (middle)), before reaching its final steady state value. At 

high Reynolds number, the eventual steady state will be developing into a fluctuating flow regime 

(Figure 14 (right)). These fluctuations affect mass transfer within the system, influencing the 

computed Sherwood number of the system.  

Remarkably, at high porosities (𝜀𝑣 ≥ 0.9), the aforementioned meta-stable steady state does not 

always immediately relax to the final steady state, as it is shown in Figure 14 (middle). In Figure 

15, the x-velocity components is plotted over time for the SC structure at a Reynolds number of 

152 and a porosity value of 0.9. The meta-stable steady states hold up to a simulation time of 150 

seconds, before developing its final steady state value. Simulations at lower porosity also show 

the formation of meta-stable steady states, but these reach their final steady state must faster (𝑡 

< 50 s). 

 Case 1 Case 2 Case 3 

Sherwood number 2.66 2.69 2.66 

Figure 14: Spatially average velocity components plotted over time for a SC structure at different Reynolds number. At low 
Reynolds numbers (left), the velocity components will develop to a smooth steady state. At intermediate Reynolds numbers 
(middle), the velocity field firstly develops to a meta-stable steady state, after which the final steady state value is obtained. 
For high Reynolds number, the flow field eventually develops into an unstable fluctuating steady state 

Table 9: Results (Sherwood numbers) regarding particle positioning 
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In literature, Hill and Koch33 mention that the formation of a meta-stable steady state in close-

packed face-centred cubic arrays of spheres can take place. They state that the aforementioned 

transition from the meta-stable steady state to its final steady state consists of a breakage of the 

rotational flow symmetry, which is triggered by the growth of the cross stream components of 

the spatially components influence the velocity component in the streamwise direction. This 

influence causes that the symmetry of the velocity field is eventually lost, changing the flow field 

within the system. At smaller Reynolds numbers, the fluctuations of the cross stream velocity 

components are small enough to not influence the streamwise velocity component, and a laminar 

flow field is given. 

 

  

Figure 15: Spatially average x-velocity component plotted 
over time for the SC structured packing at Re = 165 and 𝜀𝑣 = 
0.9. The meta-stable steady state holds on remarkably long, 
before reaching its final steady state.  

Figure 17: Cross sectional velocity plots for the SC structure at Re = 165 and 𝜺𝒗 = 0.9 at 𝒕 = 100 s (left) and 𝒕 = 225 s (right). 
During the meta-stable steady state, the velocity profile is symmetrical (left), but after the fluctuation, a clear asymmetrical 
flow field can be observed (right) 

Figure 16: Spatially average velocity components plotted 
logarithmically over time for the SC structured packing at 
Re = 165 and 𝜀𝑣 = 0.9. The meta-stable steady state holds 
on remarkably long, before reaching its final steady state.  
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In Figure 17, the cross sectional gas velocity is plotted for the same case as in Figure 15 at the inlet 

of the domain at 𝑡 = 100 seconds (Figure 16 (left), before the fluctuation) and at 𝑡 = 225 seconds 

(Figure 16 (right), after the fluctuation). Figure 16 (left) clearly shows a symmetrical flow field 

within the domain, while Figure 16 (right) shows a strong asymmetrical flow field. This feature 

suggests that the symmetry within the flow field has been broken and therefore supports the 

results found by Hill and Koch. 

In Figure 16, the spatially averaged x-, y- and z-velocity components are plotted over time on a 

logarithmic scale for the same case discussed in Figure 15. Both the y- and z-velocity fluctuate at 

values of the order of 10-15 m/s, but around a simulation time of 10 s, both velocity components 

grow to an order of around 10-5 s, after which the symmetry of the flow field is lost and all velocity 

components tend to be constant. It is not sure if the growth of the cross stream velocity 

components influences the streamwise velocity component in such a way that it triggers the 

symmetry breakage, or it is the x-velocity component which has an effect on the growth of the 

cross stream velocity components. Additional research needs be done to study this effect. 

Within the research of Hill and Koch, they only looked at this transition at Reynolds numbers 

ranged between 30 and 100 for closed FCC packing at a unique porosity value of 0.34. Within the 

CFD-DNS code used in this report, the formation of a long meta-stable steady state only appears 

at porosities of higher than 0.9 for the selected homogeneous structured packings (FCC, BCC and 

SC). Therefore, the reason why the meta-stable steady state does not always immediately brake 

down to its final steady state at high porosity is still not clear. Apart from the performed 

investigations by Hill and Koch, there is very little literature stating these phenomena. It should 

be noted that the simulation is set under perfect symmetrical setting and no external variables 

(hydrodynamic interactions, gravity) can initiate a perturbation in the flow field, possibly causing 

the meta-stable steady state to hold much longer than expected. 

 

Homogeneously Structured Packings at Low Porosity  

To compare the results obtained by Yang et al. to the CFD-DNS results attached in this report, the 

FCC, BCC and SC structures have been investigated with the lowest possible packing porosity. Due 

to the fact that the code does not properly converge when the velocity (driven by a pressure 

gradient into the N-S equation) of the system is set to zero, a very low velocity was imposed to 

perform mass transfer simulations at 𝑅𝑒 ≈ 0. 

Periodic boundary conditions for the species and velocity fields are employed in each of the three 

dimensions. The time step for each simulation was kept sufficiently low, so that the CFL stability 

criterion at maximum fluid velocity within the system was set to 0.2.  

Simulation set-up for each of these simulations is given in Appendix B. Using the mapping 

conditions, as given in Table 7, and the equation for the packing porosity (Eq. 1), the grid spacing 

𝑑𝑥 and number of grid cells 𝑛𝑥 were calculated. To reduce computational time, the CFD-DNS code 

was parallelized over four processors. Therefore, the number of grid cells 𝑛𝑥 should be dividable 

by four to prevent unstable simulations. Due to this reason, the ratios between the particle 
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diameter and grid spacing of 𝑑𝑝/20, 𝑑𝑝/30 and 𝑑𝑝/40 were approximated for each simulation in 

order to keep the packing porosity the same for each simulation at different Reynolds numbers. 

To fit the obtained mass transfer data from the CFD-DNS code to Eq. 2 and thus determining the 

fitting parameters 𝑎1, 𝑎2 and 𝑛, the Root Mean Square Error (RMSE) of the fitted data to a 

logaritmic scale will be minimized using the build-in Excel™ solver. The RMSE is defined in Eq. 44. 
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To check whether the obtained fitting parameters 𝑎1, 𝑎2 and 𝑛 match the data obtained from the 

simulation, the coeffiecient of determination (𝑅2) will be calculated, according to Eq. 45. 

𝑅2 indicates the proportion of the variance in the dependent variable (𝑆ℎ) that is predictable from 

the independent variables (𝑅𝑒, 𝜀𝑣).  
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In Figure 18, Sherwood numbers obtained by means of performed CFD-DNS are shown and 

compared to the reported correlation by Yang et al. The fitting parameters of the computational 

data for each of the structured packings are listed in Table 9, the average fitting deviation was 

below 10%. At higher Reynolds numbers, the Sherwood number fluctuated presumably due to 

vortex shedding within the flow field, thus an average value was reported (marked with an ∗) 

 

 

 

 

 

 

Figure 18a, b and c: Sherwood numbers from Yang 
et al. (black line) compared to the CFD-DNS code (red 
markers). Figure a represents the SC structure, figure 
b the BCC structure and figure c the FCC structure. 
Due to fluctuating Sherwood numbers at higher 
Reynolds numbers, an average Sherwood number 
was calculated (as denoted with a ∗ in each figure). 
A fit was made (blue line) with average fitting 
deviation was below 10%. For all three structured 
packing, the data from the CFD-DNS code obtained 
at higher Reynolds number fits the Yang correlation 
better then at lower Reynolds number 

a b 

c 
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Table 9: Obtained fitting parameters from the CFD-DNS code for SC, 

BCC and FCC, together with the coefficient of determination (𝑅2) 

 

 

 

 

As can been seen in Figure 18a, b and c, the results obtained from the CFD-DNS code match the 

correlation of Yang et al. at high Reynolds number reasonably well for each structured packing. 

This can also be deduced from the fitting parameters 𝑎2 and 𝑛, which show similar trends 

compared to the results found by Yang et al. On the other hand, the Sherwood numbers at low 

Reynolds number have a significant difference compared to the correlation of Yang et al. The CFD-

DNS code predicts much lower Sherwood numbers than expected, as also can be deduced from 

the value of the 𝑎1 fitting parameter compared to the correlation from Yang et al., which is much 

lower. Simulation results can be found in appendix C. 

The current CFD-DNS code gives Sherwood numbers of well below two for Reynolds number close 

to zero, which would the analytical solution for the Sherwood number in case of a single particle 

in an infinite stagnant fluid, as stated by Ranz and Marshall34. Furthermore, it similarly predict 

Sherwood number much lower compared to the correlation stated by Yang et al. at lower 

Reynolds numbers. This can be explained by a number of reasons. 

Firstly, the simulations of Yang et al. are carried out at a Reynolds range of 1 – 5000, but they 

don’t compute Sherwood numbers at 𝑅𝑒 ≈ 0, which is of big influence on the 𝑎1 fitting 

parameter. At low Reynolds numbers (𝑅𝑒 ≈ 0), the Sherwood number will be function of the 

Péclet number, as defined in Eq. 46. The Péclet number states a ratio between the advective 

transport rate and the diffusive transport rate. As can be seen from Eq. 2, this is not well 

incorporated, since the 𝑎1 parameter is independent of the Reynolds number, and thus the Péclet 

number. 

 0  x

f

L uPe ReSc
D

  (46) 

Secondly, the difference can be explained due to the definition of the Sherwood number used, 

and specifically the driving force. Yang et al. defined their driving force as an average between the 

in- and outlet temperature of a unit cell (Eq. 5), while in this report, the driving force is defined as 

the difference between the concentration at the particle’s surface and the cup average inlet 

concentration (Eq. 17). At low Reynolds numbers, the scaling coefficient 𝛼 becomes very big, since 

all of the species inside the computational domain has enough contact time with the particle to 

completely react away. This enlarged 𝛼 coefficient results in a relatively high cup average inlet 

concentration, thus resulting in a larger driving force compared to the definition of Yang et al. 

Therefore, at low Reynolds numbers, the Sherwood numbers computed with the CFD-DNS code 

will produce lower results. 

Packing 𝒂𝟏 𝒂𝟐 𝒏 𝑹𝟐 

SC    (𝜀𝑣 = 0.50) 0.84 0.07 0.79 0.928 

BCC (𝜀𝑣 = 0.34) 0.49 0.28 0.76 0.993 

FCC (𝜀𝑣 = 0.28) 0.98 0.48 0.65 0.989 
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Thirdly, as stated before, the Sherwood numbers at low Reynolds number are lower than the 

analytical solution of two. This can be attributed to the influence of particles on each other: 

literature by Rexwinkel et al.35 states that the mass flux to a particle can be negatively influenced 

by the presence of other (active) particles around it, thus lowering the Sherwood number. 

Although axial dispersion at lower Reynolds number has a negative influence on the driving force 

(thus increasing the Sherwood number), the aforementioned effect by other particles seems to 

be of bigger importance. 

 

Homogeneously Structured Packings at Multiple Porosities 

Next to the comparison to the data obtained by Yang et al., each structured packing was 

investigated at different porosities. The results for each of these simulations are given in Figure 

19. The set-up of each simulation is given in appendix D. Next to the Sherwood number for each 

porosity, also the Gunn equation is plotted for each porosity.  
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For the SC arrangement (Figure 19a), the overall trend holds that the Sherwood number at lower 

porosity result in higher Sherwood numbers, compared to data obtained from simulations with 

higher priority. On the other hand, for the BCC arrangement (Figure 19b), there is an inverse 

proportionality between the Reynolds number and the Sherwood number: at lower Reynolds 

number, the 0.9 porosity simulations have the highest Sherwood number, while at higher 

Reynolds numbers, the 0.34 porosity simulations have the highest Sherwood number. For the FCC 

arrangement the same inverse proportionality applies, as can be seen in Figure 19c. Simulations 

results can be found in appendix E. 

As can be deduced from Figures 19, the overall Sherwood numbers are significantly lower than 

the empirical Gunn correlation would predict. Although the Gunn correlation is derived from 

empirical heat transfer data in a random packed bed setting, in contrary to the homogeneous 

structured FCC, BCC and SC packings, this would not explained the relatively large difference 

between the results obtained from the CFD-DNS simulation and the Gunn correlation. Equal to 

the comparison with the data from Yang et al., the difference can be appointed to the different 

definition of the driving force. Gunn stated the driving force as the difference between the 

temperature at the particle’s surface and the mixing cup temperature of the fluid. Since the 

driving force within the CFD-DNS code was defined as the difference between the concentration 

at the particle’s surface and the inlet concentration, lower Sherwood numbers were obtained. 

In order to validate the obtained data from the CFD-DNS and accurately compare them to the 

Gunn correlation, more CFD-DNS simulations are required. By distinguishing clusters based on 

their homogeneity/heterogeneity, more insight can be obtained regarding mass transfer and 

cluster density. Schenker et al.36 investigated quantification of heterogeneity of particle packing 

by looking at pore size distributions, density fluctuations as function of the grid spacing and the                                                    

                     

Figure 19a, b and c: Sherwood numbers from the Gunn 
correlation (lines) at each porosity compared to the CFD-
DNS code (markers). Figure a represents the SC structure, 
figure b the BCC structure and figure c the FCC structure. 
Overall, the Sherwood numbers obtained from the CFD-DNS 
code are lower compared to the empirical Gunn equation 

c 

 

c 
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Voronoi volume distribution in homogeneous and heterogeneous structured packing. They stated 
three parameters for quantifying the DOH (degree of heterogeneity). By looking at these three 
parameters for the homogeneity of a random particle structure and comparing this to the Gunn 
correlation, an accurate correlation between the homogeneity of a particle arrangement and 
mass transfer can be made. 

 

CFD-DEM code 
Using the in-house made Matlab™ model, 
particle radii and coordinates were 
imported from a CFD-DEM. These were 
used to feed the cluster arrangements 
into the input data of the CFD-DNS code.  

Figure 20 represents a particle cluster, 
containing 193 spheres, obtained from 
the CFD-DEM model at an average 
packing porosity of 0.7. Due to the fact 
that the CFD-DEM model is based on a 
soft-sphere model for particle collisions, 
some small particle overlap was expected. 
To make sure that the particles did not 
overlap in the CFD-DNS code, an 
additional scaling factor (Eq. 47) was 
implemented in the Matlab™ model to 
decrease the particle size to prevent 
overlap, without significantly affecting 
the porosity of the system. 

   (47) 

The plotted flow field clearly shows the aforementioned preferred pathways of the fluid: in dense 
particle areas, where the local packing porosity is lower than 0.7, the fluid will not pass through 
these particle areas, but rather circumvent them. Between the dense particle areas, where the 
local packing porosity is higher than 0.7, the fluid flow will thus be higher. 

In Figure 21, the average particle Sherwood number, as defined in Eq. 48 for the cluster 
arrangement, is plotted over time. The Sherwood number for each particle is defined in Eq. 49. 

   (48) 

  

Figure 20: Graphical representation from a cluster arrangement (193 
spheres) with an overall porosity of 0.7, obtained from the CDF-DEM. 
The plotted velocity field clearly shows the preferred pathways of the 
fluid 
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The driving force towards each particle is defined as the difference between the concentration at 

the particle’s surface and the cup average concentration at the inlet plane of the domain. Due to 

the fact that the local driving force for each particle at relative greater distance from the inlet 

plane will be lower than is prescribed by Eq. 49, the domain average Sherwood number by the 

CFD-DNS code will be lower. 

 

 

 

 

 

 

 

 

 

As can be concluded in Figure 21, the average Sherwood number at steady state is 1.95, which is 

much lower than the Sherwood numbers obtained from the homogeneous structured arrays at a 

Reynolds number of 20. This would indicate lower mass transfer to the particles, as expected due 

to the different implementation of the driving force. 

To accurately investigate the influences of dilute and dense areas within the simulated cluster, a 

local Sherwood number is needed instead of a domain average Sherwood number, as is used in 

this report. By calculating a sliced based Sherwood number, for which the computational domain 

is divided into (thin) slices in which the mass transfer is calculated, an accurate study can be done 

to investigate the mass transport phenomena. 

Unfortunately, due to time constraints, the particle positions obtained from the CFD-DEM model 

could not be evaluated within the CFD-DNS code for higher Reynolds numbers and at different 

porosities. This could have given a clear relationship between mass transfer in cluster 

arrangements at different Reynolds numbers and packing porosities. 

 

  

Figure 21: Domain average Sherwood number for the 
CFD-DEM particle cluster at 𝑅𝑒𝑝 = 20 
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Conclusions & Outlook 

Direct numerical simulations has successfully been performed on single particle convective mass 

transfer. In order to decrease computational expenditure, scaled periodic boundary conditions 

for the species field have been implemented. The implementation has been successfully validated 

for two different boundary conditions, namely a constant concentration flux at the solid’s surface 

(Neumann boundary condition) and a constant concentration at the solid’s surface (Dirichlet 

boundary condition). 

Furthermore, CFD-DNS has been performed to predict mass transfer phenomena in 

homogeneously structured particles systems, which have been compared to the results reported 

by Yang et al. and Gunn. At high packing porosity (𝜀𝑣 ≥ 0.9) for homogeneously structured 

packing, the meta-stable steady state develops into its final steady state at much longer time 

scales compared to homogeneously structured packing simulations with lower packing porosity. 

Further research can investigate this phenomena as to why the flow field sustains this meta-stable 

steady state for this relatively long amount of time. By investigating the non-streamwise velocity 

components, as suggested by literature from Hill and Koch, the fundamental understanding of 

this phenomena could be better understood and explained. 

Although the mass transfer data obtained from the CFD-DNS code (Sherwood number) matches 

the correlation proposed by Yang et al. reasonably at high Reynolds numbers, the difference with 

respect to the Gunn correlation is significant for both low and high Reynolds numbers. Due to 

different definitions of the driving force for mass transfer, lower Sherwood numbers were 

obtained with respect to the Ergun equation and the correlation stated by Yang et al. Further CFD-

DNS studies are required to accurately compare the obtained mass transfer from the CFD-DNS 

code to empirical correlations such as the Gunn correlation. 

Regarding the CFD-DNS of cluster arrangements, as obtained from the CFD-DEM code, the domain 

average Sherwood number should be replaced by local Sherwood number at each point inside 

the computational domain to accurate check the influence of cluster formation on mass transfer. 

This can be done by introducing a sliced-based Sherwood number. This way, an accurate 

comparison can be made between dense and dilute particle regions. 

Preliminary simulation results from data obtained from the CFD-DEM code clearly show the 

formation of preferred gas pathways within particle clusters. The cluster arrangements, obtained 

from the CFD-DEM code, could be employed to run cluster arrangements at higher Reynolds 

numbers and with different porosities in the CFD-DNS code. Together with the sliced-based 

Sherwood number, as discussed before, this could give a relevant and accurate insight on how 

the flow field behaves in cluster arrangements, and thus how mass transfer develops in dense 

and dilute particles areas.  It is to be expected that particles in dense particle areas have a lower 

local mass fluxes number that particles in dilute areas, leading to lower Sherwood numbers.   

In order to validate the obtained data from the CFD-DNS and accurately compare them to the 

Gunn correlation, more CFD-DNS studies are required. By effectively quantifying the homogeneity 

of a random particle structure and comparing this to the Gunn correlation, an accurate correlation 

between the homogeneity of a particle arrangement and mass transfer can be made. 
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Nomenclature 

Symbol Description Unit 

𝑐 Concentration [mol/m3] 
𝑃 Pressure [N/m2] 
𝑢 Superficial velocity [m/s] 
𝐷 Diffusivity  [m2/s] 
𝑇 Temperature [K] 
𝑑 Diameter [m] 
𝑔 Gravitational acceleration [m/s2] 
𝑘 Coefficient, related to mass transfer [m/s] 
ℎ Coefficient, related to heat-transfer [W/m2·K] 
𝑡 Time [s] 
𝑥, 𝑦, 𝑧 Spatial coordinate [m] 
𝐴 Area [m2] 
𝑉 Volume [m3] 

Greek Letters 

𝛼 Scaling coefficient [mol/m3] / [-]* 

𝜇 Dynamic viscosity [kg/m·s] 
𝜌 Density [kg/m3] 
𝜀 Porosity [-] 
𝜉 Dimensionless distance [-] 
𝜙 Molar-transfer rate [mol/s] 

Dimensionless Numbers 

𝑅𝑒 Reynolds number [-] 
𝑆𝑐 Schmidt Number [-] 
𝑆ℎ Sherwood number [-] 
𝑎1 Fitting parameter [-] 
𝑎2 Fitting parameter [-] 
𝑛 Fitting parameter [-] 

Sub-and superscripts 

𝑝 Particle [-] 
𝑓 Fluid [-] 
𝑚 Mass transfer [-] 
𝑐𝑒𝑙𝑙 Unit cell [-] 
𝑖𝑛 Inlet [-] 
𝑜𝑢𝑡 Outlet [-] 
𝑛𝑏 Neighbour [-] 
𝑠 Surface [-] 

Mathematical 

∇ Gradient operator [m-1] 
∇ · Divergence operator [m-1] 
∇2 Laplace operator [m-2] 
∆ Difference operator [-] 
�̅� (Cup) average [-] 
𝒙 Vector [-] 

  *Dependent on which boundary condition (Neumann or Dirichlet) is used 
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A. Grid Independency Study - Results 

B. Homogeneous Particle Structure at Low Porosity – Set-ups 

C. Homogeneous Particle Structure at Low Porosity – Results 

D. Homogeneous Particle Structure at Multiple Porosities – Set-ups 

E. Homogeneous Particle Structure at Multiple Porosities – Results 

1. SC 

2. BCC 

3. FCC 
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A. Grid Independent Simulations: Results 
 

Table I: Sherwood numbers obtained at different ratios for the SC structure at 𝜀𝑣= 0.5 

Ratio 𝟐𝟎 𝟑𝟎 𝟒𝟎 
 𝑹𝒆 𝑺𝒉  𝑹𝒆 𝑺𝒉  𝑹𝒆 𝑺𝒉  

20.02 2.71 20.49 2.73 -* -* 

85.94 3.56 92.6 3.57 -* -* 

150.61 3.68 166.06 3.81 167.6 3.88 

353.54 7.12 352.14 9.89 348.36 10.01 

580.36 9.01 452.62 10.35 452.69 10.56 

762.27 16.29 701.33 15.69 721.69 16.03 
*These ratios were not investigated 

 

Table II: Sherwood numbers obtained at different ratios for the SC structure at 𝜀𝑣= 0.7 

Ratio 𝟐𝟎 𝟑𝟎 𝟒𝟎 
 𝑹𝒆 𝑺𝒉 𝑹𝒆 𝑺𝒉 𝑹𝒆 𝑺𝒉 

20.74 4.34 20.91 4.34 -* -* 

99.24 5.72 97.01 5.68 -* -* 

200.81 6.07 213.87 6.13 217.5 9.27 

412.23 6.09 412.26 6.26 423.69 11.69 

749.84 6.02 749.68 6.13 675.72 16.86 
*These ratios were not investigated 

 

Table III: Sherwood numbers obtained at different ratios for the SC structure at 𝜀𝑣= 0.9 

Ratio 𝟐𝟎 𝟑𝟎 𝟒𝟎 
 𝑹𝒆 𝑺𝒉 𝑹𝒆 𝑺𝒉 𝑹𝒆 𝑺𝒉 

20.82 4.27 20.08 4.29 -* -* 

105.64 5.18 100.97 5.21 -* -* 

153.32 5.41 154.59 5.47 142.44 5.49 

204.71 5.59 204.33 5.65 256.66 5.70 

-* -* 427.51 6.02 423.63 9.13 

-* -* 547.94 6.13 553.36 10.6 

-* -* 696.43 6.21 711.3 12.11 
*These ratios were not investigated 
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B. Homogeneously Structured Packings at Low Porosity – Set-ups 
 

Parameter Symbol 𝑹𝒆 SC FCC BCC Unit 

Packing porosity 𝜀𝑣  0.5 0.28 0.34 [-] 

Computational 

grid  

𝑛𝑥 𝑛𝑦 𝑛𝑧 0*, 1, 20, 100 20 x 20 x 20  36 x 36 x 36 24 x 24 x 24 [-] 

200, 400 28 x 28 x 28 40 x 40 x 40 36 x 36 x 36 

800 40 x 40 x 40 60 x 60 x 60 44 x 44 x 44 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 0*, 1, 20, 100 1.5E-3  1.2E-3  1.5E-3  [m] 

200, 400 1.1E-3  1.1E-3  1.0E-3  

800 7.7E-4  7.2E-4  8.0E-4  

Particle 

diameter 

𝑑𝑝 0*, 1, 20, 100 3.00E-2 3.00E-2 3.00E-2 [m] 

200, 400 3.08E-2 3.08E-2 3.00E-2 

800 3.00E-2 3.02E-2 3.00E-2 

Fluid density 𝜌𝑓  1.0E+0 1.0E+0  1.0E+0  [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5  2.0E-5  2.0E-5  [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5  2.0E-5 2.0E-5 [m2/s] 

*Due to computational stability, these simulations were not carried out at Re = 0, but at very low velocities to mimic the mass 
transfer behaviour at Re = 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table IV: Computational set-ups for investigating homogeneously structured particle structures SC, BCC and FCC at their lowest 
porosity 
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C. Homogeneous Particle Structure at Low Porosity- Results 

𝑹𝒆 𝑺𝒉 (𝑫𝑵𝑺) 𝑺𝒉 (𝒇𝒊𝒕) 𝑹𝑴𝑺𝑬 𝑹𝟐 

3.31 0.81 1.03 0.135 0.928 

5.78 1.12 1.13   
20.14 2.72 1.62   

101.47 3.61 3.64   
252.88 3.80 6.59   

675.65* 11.08* 13.30   
819.15* 19.02* 15.34   
991.20* 23.10* 17.69   

 

𝑹𝒆 𝑺𝒉(𝑫𝑵𝑺) 𝑺𝒉(𝒇𝒊𝒕) 𝑹𝑴𝑺𝑬 𝑹𝟐 

6.47E-04 0.49 0.49 0.046 0.994 

6.02 1.45 1.56   
20.63 3.72 3.20   
76.71 6.61 7.82   

132.39 10.54 11.56   
192.85 17.02 15.19   
229.33 19.47 17.25   
405.72 27.29 26.29   

715.15* 36.48* 40.09   

 

𝑹𝒆 𝑺𝒉(𝑫𝑵𝑺) 𝑺𝒉(𝒇𝒊𝒕) 𝑹𝑴𝑺𝑬 𝑹𝟐 

1.45E-04 1.00 0.98 0.050 0.989 

2.47 1.87 1.84   
21.49 3.49 4.47   
79.87 10.22 9.19   
67.33 8.11 8.32   

101.56 10.85 10.57   
148.65 15.71 13.27   
169.17 15.16 14.35   
294.45 20.92 20.15   

1187.85* 41.42* 48.48   

Table V: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣=0.5. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 

 

Table VI: Computational results for investigating homogeneously particle structure BCC at 𝜀𝑣=0.34. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 

 

Table VII: Computational results for investigating homogeneously particle structure FCC at 𝜀𝑣=0.28. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 
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D. Homogeneous Particle Structure at Multiple Porosities- Set-ups 

 

 

 

 

 

 

 

 

 

 

  

Parameter Symbol 𝑹𝒆 𝜺𝒗= 0.7 𝜺𝒗= 0.9 Unit 

Computational 

grid  

𝑛𝑥 𝑛𝑦 𝑛𝑧 0*, 1, 20, 100 24 x 24 x 24 36 x 36 x 36 [-] 

200, 400 36 x 36 x 36 52 x 52 x 52 

800 48 x 48 x 48 68 x 68 x 68 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 0*, 1, 20, 100 1.5E-3 1.5E-3 [m] 

200, 400 1.0E-3 1.0E-3 

800 7.5E-4 7.5E-4 

Particle 

diameter 

𝑑𝑝 0*, 1, 20, 100 3.00E-2 3.00E-2 [m] 

200, 400 3.00E-2 3.00E-2 

800 3.00E-2 3.00E-2 

Fluid density 𝜌𝑓  1.0E+0 1.0E+0 [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5 2.0E-5 [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5 2.0E-5 [m2/s] 

Parameter Symbol 𝑹𝒆 𝜺𝒗= 0.5 𝜺𝒗= 0.7 𝜺𝒗= 0.9 Unit 

Computational 

grid  

𝑛𝑥 𝑛𝑦 𝑛𝑧 0*, 1, 20, 100 24 x 24 x 24 28 x 28 x 28 44 x 44 x 44 [-] 

200, 400 48 x 48 x 48 56 x 56 x 56 64 x 64 x 64 

800 52 x 52 x 52 60 x 60 x 60 88 x 88 x 88 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 0*, 1, 20, 100 1.6E-3 1.6E-3 1.5E-3 [m] 

200, 400 8.0E-4 8.0E-4 1.0E-3 

800 7.4E-4 7.5E-4 7.5E-4 

Particle radius 𝑑𝑝 0*, 1, 20, 100 3.00E-2 3.00E-2 3.00E-2 [m] 

200, 400 3.00E-2 3.00E-2 3.00E-2 

800 3.00E-2 3.00E-2 3.00E-2 

Fluid density 𝜌𝑓  1.0E+0 1.0E+0 1.0E+0 [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5 2.0E-5 2.0E-5 [kg/m·s] 

Fluid diffusivity 𝐷𝑓  2.0E-5 2.0E-5 2.0E-5 [m2/s] 

Table VIII: Computational set-ups for investigating homogeneously particle structure SC at different porosities 

Table IX: Computational set-ups for investigating homogeneously particle structure BCC at different porosities 

 

 

*Due to computational stability, these simulations were not carried out at Re = 0, but at very low velocities to 
mimic the mass transfer behaviour at Re = 0 

*Due to computational stability, these simulations were not carried out at Re = 0, but at very low velocities to mimic the 
mass transfer behaviour at Re = 0 
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*Due to computational stability, these simulations were not carried out at Re = 0, but at very low velocities to mimic the mass 
transfer behaviour at Re = 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Symbol 𝑹𝒆 𝜺𝒗= 0.5 𝜺𝒗= 0.7 𝜺𝒗= 0.9 Unit 

Computational 

grid  

𝑛𝑥 𝑛𝑦 𝑛𝑧 0*, 1, 20, 100 32 x 32 x 32 36 x 36 x 36 56 x 56 x 56 [-] 

200, 400 44 x 44 x 44 64 x 64 x 64 84 x 84 x 84 

800 64 x 64 x 64 76 x 76 x 76 108 x 108 x 108 

Grid spacing 𝑑𝑥 𝑑𝑦 𝑑𝑧 0*, 1, 20, 100 1.5E-3 1.6E-3 1.5E-3 [m] 

200, 400 1.1E-3 9.0E-4 1.0E-3 

800 7.5E-4 7.5E-4 7.5E-4 

Particle radius 𝑑𝑝 0*, 1, 20, 100 3.00E-2 3.00E-2 3.00E-2 [m] 

200, 400 3.00E-2 3.00E-2 3.00E-2 

800 3.00E-2 3.00E-2 3.00E-2 

Fluid density 𝜌𝑓  1.0E+0 1.0E+0 1.0E+0 [kg/m3] 

Fluid viscosity 𝜇𝑓 2.0E-5 2.0E-5 2.0E-5 [kg/m·s] 

Fluid 

diffusivity 

𝐷𝑓  2.0E-5 2.0E-5 2.0E-5 [m2/s] 

Table X: Computational set-ups for investigating homogeneously particle structure FCC at different porosities 
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E.-1. Homogeneous Particle Structure at Multiple Porosities- Results for SC 

𝑹𝒆 𝑺𝒉  𝜶 

3.31 0.81 81.09 

5.78 1.12 13.81 

20.14 2.72 1.76 

101.47 3.61 1.14 

252.88 3.80 1.05 

675.65* 11.08* 1.06* 

819.15* 19.02* 1.16* 

991.20* 23.10* 1.20* 

 

𝑹𝒆 𝑺𝒉  𝜶 

1.01E-02 0.88 316.63 

7.16E-03 0.91 325.97 

2.08E-04 1.08 326.07 

20.74 3.66 1.63 

99.24 4.50 1.11 

208.30* 5.79* 1.07* 

680.18* 15.38* 1.04* 

 

𝑹𝒆 𝑹𝒆(𝑴𝑺 𝑺𝑺) 𝑺𝒉  𝑺𝒉(𝑴𝑺 𝑺𝑺)  𝜶 

5.34  3.01  2.18 

20.82  4.07  1.23 

105.64  4.74  1.05 

153.39  4.90  1.03 

152.44 201.35 7.41 5.04 1.05 

290.25*  13.32*  1.04* 

562.65*  20.78*  1.05* 

851.86*  23.04*  1.03* 

 

 

 

 

Table XI: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣= 0.5. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 

 

 

 

Table XI: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣= 0.5. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 

 

 

Table XIII: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣= 0.9. The value for the 
Reynolds and Sherwood number at the meta-stable steady state (MS SS), as discussed, are also given. The values 
denoted with an ∗ are averaged due to the fluctuation flow field 

 

 

 

Table XVI: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣= 0.9. The value for the 
Reynolds and Sherwood number at the meta-stable steady state (MS SS), as discussed, are also given. The values 
denoted with an ∗ are averaged due to the fluctuation flow field 

 

 

Table XII: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣= 0.7. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 

 

 

 

Table XI: Computational results for investigating homogeneously particle structure SC at 𝜀𝑣= 0.7. The values denoted 
with an ∗ are averaged due to the fluctuation flow field 
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E.-2. Homogeneous Particle Structure at Multiple Porosities- Results for BCC 

Table XIV: Computational results for investigating homogeneously particle structure BCC at 𝜀𝑣= 0.5. The values denoted with 
an ∗ are averaged due to the fluctuation flow field 

𝑹𝒆 𝑺𝒉  𝜶 

1.25E-07 0.89 2.00E+04 

5.29 1.70 72.00 

19.60 4.09 4.01 

95.92 9.35 1.58 

233.58 17.69 1.47 

305.64 23.41 1.55 

779.24* 32.07 1.39 

 

Table XV: Computational results for investigating homogeneously particle structure BCC at 𝜀𝑣= 0.7. The values denoted with 
an ∗ are averaged due to the fluctuation flow field 

𝑹𝒆 𝑺𝒉  𝜶 

4.20E-07 0.94 1.84E+03 

5.53 2.34 15.79 

20.54 4.78 2.35 

98.66 6.84 1.21 

169.00 11.69 1.22 

284.80 18.51 1.24 

377.76 21.44 1.23 

838.55* 30.24 1.20 

 

Table XVI: Computational results for investigating homogeneously particle structure BCC at 𝜀𝑣= 0.9. The value for the Reynolds 
and Sherwood number at the meta-stable steady state (MS SS), as discussed, are also given. The values denoted with an ∗ are 
averaged due to the fluctuation flow field 

𝑹𝒆 𝑹𝒆(𝑴𝑺 𝑺𝑺) 𝑺𝒉  𝑺𝒉(𝑴𝑺 𝑺𝑺)  𝜶 

0.10  1.11  72.6 

5.86  3.12  2.96 

20.12  4.60  1.42 
99.81  5.81  1.08 

183.04  6.41  1.05 

328.95 398.60 9.81 6.89 1.04 

594.36*  17.83*  1.02* 
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E.-3. Homogeneous Particle Structure at Multiple Porosities- Results for FCC 

Table XVII: Computational results for investigating homogeneously particle structure FCC at 𝜀𝑣= 0.5. The values denoted with 
an ∗ are averaged due to the fluctuation flow field 

𝑹𝒆 𝑺𝒉  𝜶 

3.89E-08 0.54 1.01E+09 

5.32 1.28 3.54E+04 

5.04 1.23 4.83E+04 

17.15 3.41 137.36 

94.86 12.31 12.36 

198.28 18.01 2.60 

232.82 19.22 2.19 

433.83 22.89 1.70 

851.17* 44.61* 1.70* 

 

Table XVIII: Computational results for investigating homogeneously particle structure FCC at 𝜀𝑣= 0.7. The values denoted with 
an ∗ are averaged due to the fluctuation flow field 

𝑹𝒆 𝑺𝒉  𝜶 

2.33E-07 0.65 8.89E+04 

9.91 2.82 27.03 

21.08 4.92 4.43 

100.04 8.84 1.44 

192.89 12.68 1.32 

288.38* 15.66* 1.34* 

567.83* 20.74* 1.25* 

1315.40* 29.00* 1.22* 

 

Table XIX: Computational results for investigating homogeneously particle structure FCC at 𝜀𝑣= 0.9. The value for the Reynolds 
and Sherwood number at the meta-stable steady state (MS SS), as discussed, are also given. The values denoted with an ∗ are 
averaged due to the fluctuation flow field 

𝑹𝒆 𝑹𝒆(𝑴𝑺 𝑺𝑺) 𝑺𝒉  𝑺𝒉(𝑴𝑺 𝑺𝑺)  𝜶 

3.14  2.00  9.40 

5.89  2.82  4.00 
20.83  4.67  1.60 

99.96  6.43  1.13 

202.93  8.11  1.07 

346.12 367.98 12.56 11.93 1.07 

584.55*  19.61*  1.07* 

823.53*  28.86*  1.07* 

 


