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Abstract

Numerical simulations of chromatography are conventionally performed
using reduced-order models that homogenize aspects of flow and transport in
the radial and angular dimensions. This enables much faster simulations at
the expense of lumping the effects of inhomogeneities into a column disper-
sion coefficient, which requires calibration via empirical correlations or exper-
imental results. We present a high-definition model with spatially resolved
geometry. A stabilized space-time finite element method is used to solve the
model on massively parallel high-performance computers. We simulate pack-
ings with up to 10,000 particles. The impact of particle size distribution on
velocity and concentration profiles as well as breakthrough curves is studied.
Our high-definition simulations provide unique insight into the process. The
high-definition data can also be used as a source of ground truth to identify

and calibrate appropriate reduced-order models that can then be applied for
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process design and optimization.
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1. Introduction

1.1. Chromatography

Chromatography is an essential separation process used in the biotechnol-
ogy and pharmaceutical industries as part of downstream processing of liquid
solutions. Several types of chromatographic methods use differing principles
in order to separate the target components from impurities. They differ in
flow geometry (packed-bed, membrane, monolith) and in surface function-
alization (ion exchange, hydrophobic interaction, affinity). In packed-bed
liquid chromatography, the solution is pumped through a column densely
filled with porous particles. Chemical species (components) in the solution
are convected along the column through the interstices of the packed-bed,
and they diffuse into the porous particles where they are selectively adsorbed
to functionalized inner surfaces, e.g., through ion-exchange. This selective
adsorption affects the residence times of different components, allowing tem-
poral separation of multiple species at the column outlet. An illustration of
the packed-bed chromatographic process is given in Figure [I]

Chromatography columns can be operated in different process schemes,
the most simple being flow-through mode. Another commonly applied chro-
matography process scheme contains three steps: load, wash, and elution.
The load phase starts with the input of a mixed solution to the column,

and ideally ends with the saturation of all particles. In practice, the parti-
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cles towards the column end are only partially loaded due to mass transfer-
limitations to avoid loss of target product. The wash phase involves flushing
the column with fresh buffer solution that does not contain the components
that are to be separated. Finally, the adsorbed molecules are eluted by means
of a mobile phase modifier, i.e., a salt in ion-exchange chromatography. The
separation is sensitive to the adsorption affinities of the various components
with respect to the chemically functionalized interior surfaces of the porous
particles. Column geometry, packing structure, particle geometry, and rel-
ative concentrations of the components also affect the separation process.
Numerical simulations can provide quantitative insights into the process and
subsequently help tailor columns and operating conditions for efficient sepa-

ration of the target molecules.

1.2. Modeling

Chromatography is conventionally modeled using reduced-order models
(ROMs) such as the so-called General Rate Model (GRM), Equilibrium Dis-
persive Model (EDM), and Lumped Kinetic Model (LKM) [I]. The greatest
advantage of these models is their simplicity, allowing quick solves and en-
abling their use in parameter fitting and optimization studies. On the other
hand, these models homogenize dispersive effects caused by geometrical fea-
tures such as particle shape, particle size distribution (PSD) in poly-disperse
column packings, and radial porosity variations that are particularly evident
in thin columns. Radial and angular flow and dispersion are neglected due to
reduction of model dimensions. Moreover, axial velocity and packing poros-
ity have constant averaged values throughout the column. The effects of

these homogenizations are lumped into other mechanisms, whose parameters
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need to be calibrated using experimental data. In particular, the dispersion
coefficient accounts for effects that are caused by small eddies and different
flow paths through the packed-bed which are not mechanistically captured
by ROMs.

Spatially resolved models of chromatography require more effort and re-
sources in terms of modeling, software development and maintenance, and
computational costs, but their results are equally rewarding. These High-
Definition (HD) models provide a three-dimensional view into the column,
and can be used in conjunction with non-invasive scanning techniques such
as MRI [2] and CLSM [3], 4, 5l [6l, [7] to reconstruct packings and also analyze
flow and mass transport [8, 9, 10, [1T], 12 13, 14], [T5] within the column and
packed-bed. With developments in 3D printed substrates and monolithic
columns, HD simulations provide a distinct advantage over reduced-order
simulations, especially when paired with image based reconstruction tech-
niques [2, [16] [17, [5, 6, [7]. Furthermore, these simulations can be used with
models of progressively reduced order to isolate and quantify the effect of
inhomogeneities that are lumped into axial and radial dispersion coefficients.

In literature, simulations of spatially resolved packed-beds have been con-
ducted primarily with a focus on hydrodynamics. Most simulations focus on
thin columns with short packed-beds due to the computational costs associ-
ated with scaling the column geometry. Furthermore, many such studies are
performed with commercial software such as ANSYS [18] 19 20], COMSOL
[21], 22, 23| 24], and STAR-CCM+ [25] 26], 27, 28, 29], which were at the
beginning of this study not ideally suited to massive parallelization.

Several works focus on the effect of column geometry [30, 26], 22], particle
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geometry [31, [19] and pore size [20] on pressure drop along the bed. Fairly
comprehensive reviews of literature on particle-resolved modeling of fixed-
bed reactors are provided by Jurtz et al. [32] and Dixon et al. [33]. While
providing a concise overview of models and methods employed, the focus of
these reviews is on gas-flow catalytic reactor systems.

Very few papers are dedicated to 3D simulation of chromatography, i.e.,
flow, transport, and adsorption and desorption in packed-bed columns [21]
341, 22]. Schnittert et al. extended the general rate model to 3D simulations
of columns with up to 150 particles using COMSOL. Gerontas et al. also
used COMSOL to simulate Langmuir adsorption on a microfluidic column
with 4700 particles.

Lattice Boltzmann (LB) simulations are favored in simulating flow in
larger columns due to their inherent scalability. Additionally, mesh genera-
tion is much simpler due to the Cartesian grid cut-cell approach used. Com-
pared to macroscopic Finite Element (FE) or Finite Volume (FV) methods,
the LB method derives averaged macroscopic properties from a particle col-
lision description on a lattice structure. Tallarek et al. use LB to solve flow
and transport problems in randomly packed chromatography columns and
other porous media [35, [36] 37, 38, 39, 40, 41]. While LB simulations are
inherently scalable, the cut-cell meshes used in that method are not suited
to cases where the exact effects of the packed-bed morphology are to be stud-
ied. However, LB has recently been combined with molecular dynamics for
multi-scale simulations of porous media to study diffusion at the mesopore
scale [42 [43].

In a previous study, Piittmann et al. present a stabilized Galerkin space-
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time FE method to solve the packed-bed chromatography problem [34].
Three benchmark tests were conducted: 1) single component adsorption in
2D, 2) competitive adsorption in 2D, and 3) single component adsorption in
3D. These test cases contained a maximum of 750 mono-disperse particles,

i.e., with constant particle size.

1.3. Scope

In the present work, the chromatography process is formulated as a weak
coupling between flow and transport-reaction problems: Stokes flow is solved
in the interstitial (inter-particle) domain (also referred to as bulk region)
and the resulting stationary velocity field is used to model convection of
the solution in subsequent mass transfer simulations. In these transport-
reaction simulations, convection-diffusion are modeled in the inter-particle
domain, and diffusion-reaction (adsorption/desorption) are modeled in the
intra-particle domain. The geometry of the inter-particle domain is fully re-
solved to study its impact on dispersion. The internal pore structure of the
particles is homogenized, as in customary reduced order models, to maintain
computational tractability. Multi-domain coupling is achieved using diffusive
flux continuity at the interface of both these domains. For a detailed mathe-
matical formulation of the governing equations, multi-domain coupling, and
boundary conditions, the reader is referred to [44].

Chromatography columns can be characterized using breakthrough ex-
periments. In this mode, the column is continuously loaded with sample
molecules until it is fully saturated. This results in a so-called breakthrough
curve (BTC) at the column outlet that can be used to assess the axial dis-

persion in the column. We simulate breakthrough experiments using multi-
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domain flow, convection, diffusion, and adsorption for packings with approx-

imately 10,000 particles in cylindrical columns with ratio of column to par-

ticle diameters g <

e~ 10. The model and implementation described in [34]
are used with modifications to the stabilization parameter. In contrast to
previous work, we use here the metric stabilization parameter [45] instead of
the 1D GLS stabilization parameter on account of reduced numerical diffu-
sion. For estimating the accuracy of our simulations, we use the generalized
holdup volume, which can be calculated both analytically and numerically.

We perform a mesh convergence study on a short column test case with
ca. 1000 particles. Large-scale simulations were performed on medium-sized
meshes of longer columns with approximately 10 times more particles. Sim-
ulations of finer meshes would require extensive modification to the solver
and the mesh format. We compare packed-beds with and without PSD and
fit the axial dispersion coefficient of the GRM to the results of our HD sim-
ulations. The effect of PSD as well as axial and radial position on particle
loading are also analyzed.

The goal of this study is to demonstrate the viability of HD models in sim-
ulating chromatography processes. These simulations provide insights into
complex transport mechanisms within column and particles that are difficult
if not impossible to observe experimentally or to simulate with conventional

ROM techniques. The resulting HD data allow to calibrate ROMs that can

then be utilized for process analysis and design.
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2. Model

In this section, we formulate our model assumptions and equations. Fig-
ure 2[shows a 2D schematic representation of the HD chromatography column
model, which consists of two domains: the inter-particle region 2; and the
intra-particle region €25. Due to low solute concentrations, the velocity field
calculated in the flow simulation is assumed to be stationary and independent
of concentration changes in the transport simulation. Due to low Reynolds
numbers (Re < 1), a laminar and stationary flow-field is assumed in ;.
This allows distinct flow and transport simulations to be solved separately
in a weakly coupled manner. {25 is assumed to be devoid of advective flow
as extreme pressure would be required to achieve advective flow in the par-
ticles due to the small size of the intra-particle pores. Intra-particle flow can
be invoked in some macro-porous materials but is not in the scope of this
study. In the transport simulations, time-dependent equations are solved in
both domains. Convection-diffusion equations are solved in £2; and diffusion-
reaction equations are solved in (2,. Here, reaction refers to the adsorption
and desorption of solute molecules to and from inner particle surfaces, which
is described by the Langmuir model. The boundary nodes between the two
domains are doubled so as to allow a discontinuity in the solution of the solid
phase concentration at the particle surfaces. At this boundary between the

bulk and particle domains, we apply a flux continuity constraint.

2.1. Fluid flow

In most liquid chromatography columns, viscous forces dominate over

inertial forces. These cases where Re < 1 are categorized as ’creeping flow’



1.2 and are modeled with the Stokes equations as:

pV*u+ Vp =0 in (1a)
V-u=0 in Ql (1b)
183 where u is the flow velocity, p is the pressure, and p is the viscosity. On

18a the boundaries, we have:

u=20 on I'yan U gy (2a)
u=u" on I, (2b)
—pn + pn - (Vu + VuT) =0 on 'y (2¢)

185 where p is the density, I'i,, Iout, Isurf, and I'yqy are inlet, outlet, parti-

mn

186 cle surface and column wall surfaces, respectively, u”

is the specified inlet

17 velocity, and n is the outward normal vector at the column outlet.

188 2.2. Mass transport

189 In the multi-domain mass transfer simulations, diffusive flux continuity
1o is used as surface coupling mechanism at the particle surfaces. In the bulk
101 domain (£21) we solve the convection-diffusion problem, and in the particle
102 domain (£23) we solve the coupled diffusion-adsorption equations. In the bulk

13 region, we have:

861,

N +(u-V) e = DV in Q (3)



104 where ¢, is the concentration of the solute molecules in the bulk phase,
105 and Dy is the free molecular diffusivity of the solute molecules. In the particle

106 interior (€23), we have:

oc e,
5p8_tp +(1—¢p) BN

197 where ¢, is the pore phase concentration, cs is the solid phase concen-

= D,5,V?c, in Qy (4)

e tration, D, is the effective pore molecular diffusivity, and ¢, is the particle
199 porosity. Adsorption and desorption is described by the single-component

200 Langmuir model:

% — ko (Y — ¢5) + kacs =0 in Qy (5)

201 where k, and k4 are the adsorption and desorption coefficients, and ¢***

S

202 1is the maximum binding capacity.

203 The bulk concentration ¢, is prescribed at the inlet (I';,). On the other
200 column surfaces (I'pys U T'yan), we have a homogenous Neumann boundary
205 condition. Across particle surfaces (I'sy, ), for multi-domain coupling we

206 have a flux continuity condition.

Ch = Cin on I';, (6a)

n-Ve, =0 on Iyt U T wau (6b)

ny - (DyVep) = ng - (Dpe,Vey) on Dy s (6¢)

207 The above flux continuity condition automatically ensures ¢, = ¢, at the

28 domain interface at all times t > ¢y, provided that the computation is started

20 with ¢, = ¢, on I'gyp at t = to.
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2.3. Generalized holdup volume

The generalized holdup volume, Vy, of a column is the retention capacity
of the column for a given sample. It will be used for measuring the accuracy of
our HD simulations. The generalized holdup volume indicates the capacity
available for sample molecules within the column. This includes the bulk
volume, particle pore volume, and the volume of the sample that is adsorbed
in a fully loaded column. While calculating the holdup volume for non-
binding scenarios is simple, the generalized holdup volume depends on the
binding mechanism and parameters. For the single component Langmuir

model, it is possible to analytically calculate the generalized holdup volume

as follows:
szz:n
Vi = Vit &Vp+ (1= &)V, (7)
b
where
Cmaa: k,
s. — max ' a 8
Cén CS kacén + kd ( )

Here, V4 is the total volume of the bulk domain and V/, is the total volume
of the particle domain.

The generalized holdup volume can also be numerically calculated for any
fully developed breakthrough curve, i.e., when the column is fully saturated.
The area between the normalized constant inlet concentration and the nor-
malized breakthrough curve, shown in Figure [3, multiplied by the volumetric
flow rate, V = i) 4 U dA, results in the numerical generalized holdup volume

of the system:

11



. 00 Cout
v,f,V:V/ (1— L) dt (9)
0
230 In our HD simulations, we need to average the concentrations over cross

21 sections A at the column inlet and outlet, respectively. These averages are

2

w

> weighted by the velocity u,:

LdA
W9 — fA cu (10)
Ju.dA
233 With that, the numerical holdup volume becomes:
. 00 out ,,out dA
v,fj:v/ (1—fACb. e > dt (11)
0 [y ur dA
234 We can now define the ratio of numerical to analytical holdup volumes @:
Vi
== 12
235 We also define the relative holdup volume error () to quantify the error
236 in our simulations:
E=(p—1)x100% (13)
237 3. Simulation workflow
238 Figure {4 shows a flowchart of the general simulation workflow for HD

239 chromatography models. Modeling details and computational tools are de-

a0 scribed in the following.
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3.1. Packing generation

The packed-bed geometry is a central feature of HD chromatography
simulations. 3D packings of rigid spheres can be generated computationally
[46], 47, 48, 49, 50, 5I] or be captured from real packed-beds using high-
resolution scanning techniques such as Magnetic Resonance Imaging (MRI),
Focused Ton Beam (FIB), Confocal Laser Scanning Microscopy (CLSM), etc.
[37, [7, 52, 53]. The particle packing used in our work is generated compu-
tationally using a modified Jodrey-Tory algorithm [35], [46]. This algorithm
starts with a random distribution of spheres that may overlap within a con-
finement. In subsequent steps, spheres are iteratively moved and resized to
increase packing density while avoiding overlaps. One of the advantages of
this method is the ability to generate packings of different porosities. The
packings used in this work are cut sections of larger pre-generated packed-

beds with 150K mono-disperse particles and 15K poly-disperse particles.

3.2. Contact points

Point contacts between individual particles, and also between particles
and the column wall, pose a challenge in meshing the interstitial region
around them. Due to the curvature of the particles, reducing the element
size results in higher aspect ratios in the interstitial region, tending towards
degeneracy, for elements close to contact points. This issue can be avoided by
modifying the contact points in two ways: 1) remove the point contact, and 2)
convert it to an area contact. These modifications can be applied either glob-
ally to the entire particle, or locally near the contact points [54, 18], 55], 28] 29].
Global modifications either enlarge or reduce all the particles in the packed-

bed. Local modifications either add or remove material to/from the contact

13
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region. Figure [ illustrates the different modifications. While local mod-
ifications are shown to provide more accurate pressure fields [54], applying
local modifications for large columns can become intractable due to the sheer
amount of necessary Boolean operations.

Contact point modifications affect the packed-bed volume and the result-
ing column porosity, along with the flow profile in the contact region. While
local methods such as capping and bridging change the bed volume the least,
they are more challenging to generate and computationally harder to scale for
larger columns, especially in packings with a high degree of poly-dispersity.
In our simulations we hence globally reduce the particle radius by 0.03%, re-
sulting in a 0.09% change in the packed-bed volume. This approach enables
fast mesh generation while hardly affecting the packed-bed volume and the
local flow field.

An alternative approach could be to consider the softness of the Sepharose
beads in the generation of the packed bed, which would naturally result in
contact areas. However, such structural mechanics simulations would add

complexity beyond the scope of this publication.

3.3. Mesh generation

A chromatography mesh generation tool (genmesh) that uses GMSH [50]
and OpenCASCADE was developed for this project. Given the packing
data, which consists of particle center coordinates and diameters, genmesh
performs the necessary geometric operations and generates the mesh. A

typical operation chain roughly consists of the following steps:

1. Extract sections of desired length from larger packing data

14
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313

Add or remove particles to obtain target porosity value
Create container and packing geometries
Modify contact points

Create named physical groups to set boundary conditions

S A T

Generate mesh

The element size within the particles is uniform throughout the mono-
disperse mesh, but scaled by average particle radius in the poly-disperse case.
Due to smaller particles having higher curvatures, a uniform element size
would not suitably capture the surface of the spherical particles. Magnified
images of the mono-disperse and poly-disperse meshes on particle surfaces

are shown in Figure [6]

3.4. Mesh partitioning

When the size of the mesh is small enough, it can be solved as a whole
on one computer or workstation. The large meshes used in this work, on
the other hand, require a cluster of interconnected compute nodes, typically
numbering in the thousands. Solving the system in parallel on such a clus-
ter with distributed memory requires that each individual process contains
a chunk of the mesh on which the fluid flow and mass transfer problems
are solved. Hence the mesh must be partitioned into smaller chunks and dis-

tributed among these processes. We use the parallel graph-based partitioning

software ParMETIS for this task.

3.5. Solution

The model is implemented in XNS, a multi-physics solver capable of scal-

ing up to thousands of cores. It uses a stabilized discontinuous-in-time space-
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time Galerkin Finite Element (FE) method. In order to solve non-linear sys-
tems of equations, XNS utilizes a GMRES solver within a Newton-Raphson
iteration. The chromatography model equations and other necessary modifi-
cations for handling large data were implemented in XNS. All the simulations
for this work were performed using XNS on the JURECA supercomputer at
Jiilich Supercomputing Center (JSC).

The applied FE method for HD simulations of packed-bed liquid chro-
matography has previously been employed to solve a range of 2D and 3D
validation cases with up to 750 particles in the packed-bed, in which the

scalability of the numerical method has been analysed [57].

3.0. Postprocessing

Since our large-scale meshes are in the range of hundreds of millions of
elements, postprocessing needs to be done in a distributed manner as well.
The binary simulation output from XNS is converted into Parallel VTK Un-
structured (PVTU) files that contain the solution in a distributed format.
The Python scripting interface of ParaView is then used to extract the re-
quired information in parallel. Specialized ParaView scripts were created to

generate the necessary visualizations and analyses shown in this paper.

4. Case study

In this section we present the column geometries, meshes, and model pa-
rameters used in our simulations. Considering the computational resources
demanded by HD simulations, we first characterize the sensitivity of the
solution to the mesh size using a short column with approximately 1,000

particles. Further simulations were performed using a longer column with
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approximately 10,000 particles. These simulations provide fundamental in-
sight into the interplay of packing morphology and process performance, even
though the column length and width is much smaller than typically found in

experimental setups.

4.1. Column geometry

We generated mono-disperse and poly-disperse columns with identical
porosities at lengths of 2.01mm and 16.00mm. They are henceforth referred
to as short mono-disperse (SM), short poly-disperse (SP), long mono-disperse
(LM) and long poly-disperse (LP). The column geometries are shown in
Figures [7] and [§ Geometry data for the columns is provided in Table 2] All
the simulated columns have a radius of R = 5.01 x 10~%m. At both ends of
the mono-disperse packed-beds, the columns consist of void space of length
~ 0.2, , where & is the column diameter. The mono-disperse packed-bed

consists of particles with diameter g, ~ %C.

Poly-disperse columns were
generated to match the column porosity €. to that of the corresponding mono-
disperse columns. For the large poly-disperse cases, we removed particles
from the ends of the extracted section until the final column porosities closely
matched those of the mono-disperse counterparts. The PSD of the poly-
disperse packed-bed is shown in Figure[Ja| It is representative of a measured
PSD of Sepharose [5§].

Figure [Ob] shows the axially-averaged porosity profile over column ra-
dius for both packing types. Porosities for both columns at the wall are 1,
corresponding to the point contact between the spherical particles and the
cylinder walls. The cylinder wall imposes a regularity in the radial posi-

tions of the particles. As we move towards the column centre, however, the
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packing becomes random. For the poly-disperse column, the porosity profile
tends to stabilize towards the column centre. The particle size disparity in
poly-disperse packings allows smaller particles to nestle in between the larger
ones, filling up space more effectively, resulting in the a more even porosity
profile in the packing away from the column walls. In the mono-disperse
case, larger oscillations are still present at the column center. In columns

with higher column to particle diameter ratios ( gc), such oscillations vanish
p

towards the column center for mono-disperse particles as well.

4.2. Meshes

For a mesh sensitivity study, unstructured linear tetrahedral meshes for
short columns were generated at 5 different refinements. The mesh size is
characterized by the element size per average particle diameter. An element
size of 0.10 corresponds to 10 elements per particle diameter. The smaller
the element size, the higher the number of elements. Henceforth, specific
columns and meshes are referred to using the column name suffixed by the
element size, e.g., SP-0.04 refers to the short poly-disperse column with an
element size of 0.04.

The mesh size is scaled by the particle size in order to capture the curva-
ture of small and large particles alike. Thus we have the same element size
globally in the mono-disperse column, whereas the element size within the
particles varies based on particle size in poly-disperse columns. Magnified
images of these meshes on the particle surfaces of a poly-disperse packing is

shown in Figure (10}
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4.3. Model setup and parameters

While XNS is fully able to perform load, wash and elution cycles of chro-
matography, for the purpose of this work we simulate only the loading stage
until full breakthrough is achieved. That is, the inlet concentration is kept
constant until the column is fully saturated, and the outlet concentration
matches the inlet concentration. For all simulations, the initial concentra-
tion is zero everywhere in the column.

The chromatography model parameters used in all our simulations were
taken from [59] and are given in Table 3] They reflect the binding behavior

of lysozyme on blue Sepharose particles.

5. Results and discussions

The simulations in this paper were performed on the JURECA super-
computer at the Jilich Supercomputing Center (JSC). The SM column sim-
ulations at various mesh sizes required between 4,000 to 46,000 core-hours.
The SP column, similarly, required between 4,400 to 58,000 core-hours for
its simulations from the coarsest to finest element sizes. In both cases be-
tween 720 and 1200 cores were used. Since the Stokes flow simulations are in
steady-state, they required only a few minutes, whereas the transient mass
transfer simulations consumed the majority of the compute time (between 6
to 48 hours). The LM and LP columns were simulated with element sizes of

0.06, and also required up to two days to terminate with 2400 cores.

5.1. Mesh sensitivity study

Meshes were generated at element sizes ranging from 0.10 to 0.04 for the

SM and SP column geometries to study the flow and mass transfer charac-
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teristics of the system and examine the stability, accuracy, and consistency
of the numerical methods used. Breakthrough simulations were performed
for the geometries shown in Figure [7] and the meshes shown in Figure [10]

Rapid partial breakthrough, i.e., an initial concentration jump, is ob-
served in Figure[I1a]due to the short column length of SM and SP geometries.
Thus some solute molecules are convected around the packed-bed directly to-
wards the outlet; they do not diffuse into particles. In longer columns, the
higher residence time allows solute molecules sufficient time to diffuse into
the particles and adsorb.

FE methods are not locally conservative; they only enforce continuity in
a weak sense. In order to measure convergence of the Stokes flow simulation,
the averaged flow rates in the column at various cross sections along the
column length were calculated. This is shown for SP meshes in Figure [11c]
We observe a decrease in the mass flux within the packed-bed region of the
column that improves as the mesh is refined. The error drops below 1% for
element sizes 0.06 and finer.

Figure shows the breakthrough curves for SP meshes. The results of
the finest three meshes are almost indistinguishable, while their generalized
holdup error, as measured by the £ metric (Equation , slightly decreases
from 8% to 3% as shown Table 4] and in Figure [11b]

5.2. Flow field

Flow in a packed-bed of spherical particles can be complex. Fluid flows in
interstitial channels that widen and contract between the particles, forcing it
to accelerate and decelerate accordingly. Let @? = u’"/e. denote the average

interstitial z velocity in the packed-bed.
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Figure [12 shows the z, y, and 2z components of the normalized velocity
field ( Z—Z) in the central z-y, and y-z planes of the SM geometry. We observe
velocity hotspots distributed over the entire bulk domain. The magnitude of
these hotspots for u, and wu, reaches ca. 4 times of @ while hotspots in u,
reach magnitudes of ca. 10 times. Figure [13|indicates the hotspot regions at
progressively higher velocity thresholds, where u, > n - 4°, with n € [1,5].

Figure [14] shows an analysis of volume fractions occupied at these thresh-
olds for different mesh densities. At lower threshold values, the finer meshes

capture substantially more hotspot volume as compared to the coarser meshes.

At higher threshold values, these differences disappear.

5.3. Transport and adsorption

The transport in the bulk domain is dominated by convection, whereas
within the particle domain it is purely diffusion-driven. The diffusion into
a particle depends on the bulk phase concentration in the region around
it, which in turn depends upon the local flow field and position and size
of the given particle and its neighbours. Figures to show snapshots
of the normalized bulk, particle pore and solid phase concentrations in the
central y-z plane of the SM column at different times (compare Figure ,
including zoom boxes of specific regions.

A wall effect is clearly visible in these images, i.e., the concentration front
progresses faster along the column wall in comparison to the column center.
This can be explained by higher porosity (Figure , i.e., lower particle
density at the wall. Consequently, the particles in that region have a lower
total capacity and are saturated earlier. An increased average velocity at the

column wall (Figure [12¢]) also contributes to the observed wall effect.
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If the bulk concentration around a particle is homogeneous, it will be
loaded symmetrically. However, inhomogeneities such as wall effects, chan-
neling, and particle size distribution cause the concentration front to ad-
vance unevenly within the packed-bed. Asymmetrical boundary conditions
at the particle surfaces lead to asymmetrical loading patterns, as illustrated
in Figure [15¢, This asymmetry is more pronounced for smaller particles and
decreases towards the end of the loading process, because the bulk phase con-
centration reaches equilibrium with the inlet concentration before the larger

particles are fully loaded.

5.4. Particle loading

In contrast to ROMs, our HD simulations allow to monitor the loading
of individual particles. This resolution allows us to study the impact of
particle size and axial positioning upon the loading process. Figure [18shows
loading profiles of all particles in the SM and SP simulations coloured by axial
position in the column and the time required for reaching 90% saturation over
axial position. Larger particles reach saturation later than smaller particles
simply due to larger volume. The plotting order of the loading curves was
randomized to avoid bias caused by overlays in the final plot. Similarly,
Figure[19shows loading profiles of all particles in the SP simulations coloured
by particle radius and the time required for reaching 90% saturation over the
particle radius.

These figures illustrate the impact of particle size distribution. For the
mono-disperse packing, the times for reaching 90% saturation are highly
correlated with the axial column position, in particular at the column inlet

with increasing bandwidth towards the column outlet. This is mainly caused
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by the previously discussed wall effect in these very narrow columns. For the
poly-disperse packing, the bandwidth of the correlation is much widened,
because smaller particles downstream the column can be loaded at similar
times as larger particles further upstream the column. Figure and
reveal that the 90% loading time is influenced by particle size influences even

more than by axial position.

5.5. Large-scale simulations

The impact of PSD on fully developed breakthrough curves is studied
using the long mono-disperse (LM) and poly-disperse (LP) columns shown
in Figure [§ Both packings are constructed to have the same bed volume,
resulting in identical column porosities, as shown in Table 2]

The sizes of usable meshes in XNS is currently limited due to integer
representation. Further improvements would have to be made to the binary
mesh storage format so that the number of elements can exceed the current
limit of 2,147,483,647. Hence, we simulated the LM and LP columns with
an element size of 0.06, which yielded a generalized holdup volume error
of 8.65% and 6.65% in the mesh sensitivity study for the mono-disperse
and poly-disperse cases respectively. This resulted in meshes with 561M
and 583M elements in the LM and LP cases respectively. Results of these
simulations are shown in Table [Al

Figure [20| shows the normalized bulk, particle pore, and solid phase con-
centrations in the LP column at three different times. The observed phe-
nomena and trends are similar to those discussed for the shorter columns
but more pronounced along the column length. However, these large-scale

simulations also allow to quantify the impact of PSD on the BTC, as shown
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in Figure |21}

Note that the HD model explicitly describes the root causes of column dis-
persion, e.g., different trajectories through the packed-bed, including molec-
ular diffusion. The observed differences in BTC shape and slope are mech-
anistically predicted. In particular, the mass transfer equation in the bulk
domain, equation [3 does not include an explicit dispersion term.

As a dimensionally reduced model, the GRM does not explicitly account
for the morphology of the packed-bed. Instead, band broadening effects are
lumped together and described by an axial dispersion coefficient D,, in place
of the molecular diffusion coefficient Dy in the HD model. To simulate the
same system, some parameters of the GRM need to be derived from the HD
model. For instance, the column porosity is determined by the void fraction
of the packed-bed, while average values need to be used for axial velocity
and particle diameter. With that, the dispersion coefficient can be estimated
from the HD simulated chromatograms for mono-disperse and poly-disperse
packings.

Due to the element size of 0.06, a mass flux defect is expected (Fig-
ure . This delays the breakthrough and consequently increases the gen-
eralized holdup volume. However, the simulated BTC can be rescaled along
the time axis by the inverse holdup volume ratio 1/@. Figure [22| illustrates
that the effect of this scaling on the dispersion coefficient is negligible for
values of @ close to 1. We encounter ratios of ¢ = 1.082 (LM) and ¢ = 1.064
(LP).

Figure[21|shows the GRM as fitted to the mono-disperse and poly-disperse

HD simulated BTC, neglecting the mass transfer resistance in the diffusion
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boundary layer at the particle surfaces. The estimated dispersion coefficients
are Dygmono = 7.73 - 107"m? - s7! and Dy pory = 13.84 - 107"m?* - s, For
both packings, the BTC can be reproduced very well. However, the GRM
model cannot predict the BTC unless the dispersion coefficient is known.
In practice, this coefficient is determined by fitting the GRM to measured
chromatogram data or from empirical correlations. For example, an empirical

correlation for D,, is given by Rastegar et al. [60]:

ﬁpui”
0.18 + 0.008 Re0-59
where, Re = @,u"p/p. This results in Dy pase = 1.156 - 1077m? - s71.

D,, = 0.7Dy + (14)

Figure illustrates that the differences in Doy mono, Dazpoly and Dy rast
substantially impact the breakthrough GRM simulated curve.

Our HD simulations, in comparison with GRM fits, allow to study and
quantify the impact of packing morphology on column dispersion. In the
presented case the PSD, which is neglected by customary chromatography
models, causes dispersion to increase by almost 80%. Rasmuson [61] ar-
gues that smaller particles in a distribution affect initial breakthrough time
since they are faster loaded, while larger particles affect the rate of reaching
saturation in the breakthrough curve due to slower loading.

Furthermore, HD simulations allow to compare porosity and velocity pro-
files of mono-disperse and poly-disperse packings over the column radius, as
shown in Figure 23al These profiles are averaged along the column length
and azimuthal angle coordinates. It is evident that the velocity profile fol-
lows the porosity profile everywhere except near the wall due to the no-slip

boundary condition. Furthermore, a slight phase shift can be observed be-
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tween the peaks of each pairing. Figure shows the correlation between
both, with R? scores of 0.81 for the poly-disperse column and 0.57 for the
mono-disperse-column. The worse fit for the latter can be attributed to much
stronger oscillations of the porosity profile in the column center.

The porosity and velocity profiles can be used to study external mass
transfer and to parameterize more advanced ROMs. The two-dimensional
general rate model (2D GRM) still homogenizes the packed-bed but accounts
for the radial column coordinate [62]. Similarly, the 1D and 2D GRM can
be further extended to account for PSD [63]. Future work will address the
configuration and validation of GRM extensions with the open-source pro-
cess simulator CADET, using the HD simulations presented here as ground
truth. For this purpose, HD simulated data with clearly defined structural
differences is better suited than measurement data with additional errors and

uncertainties.

6. Conclusions

In this work, we applied stabilized space-time finite element simulations
to particle-resolved HD models of packed-bed liquid chromatography. Com-
puter generated packings of short (1,000+ particles) and long (10, 000+ par-
ticles) beds with and without PSD were used to generate computational
meshes with linear tetrahedral elements. The FE simulations comprised
of two stages: solving the stationary Stokes flow in the interstitial (bulk)
domain, and then solving the transport and adsorption equations in both
the bulk and particle domains. Simulations were performed using XNS, a

massively parallel multi-physics solver, on the JURECA supercomputer at

26



582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

Forschungszentrum Jiilich.

The workflow for our HD simulations is time and resource intensive. Pack-
ing generation, mesh generation, partitioning, preconditioning, solution, and
even post-processing in HD simulations all require special treatment and
knowledge in comparison to ROMs. In spite of the inherent challenges, HD
simulations of chromatography provide us with novel insight into the process
by enabling visualization and quantitative analysis of impact of packed-bed
geometry on flow, transport, and adsorption in chromatography columns.
The rich 3D data generated by these simulations can be used to study the
effects of geometric inhomogeneities within the column and serve as ground
truth for calibrating ROMs.

Analysis of the flow field reveals hotspots with maximum axial velocity
reaching ca. 10 times the average reduced-order velocity (@% = u’"/e.). Lat-
eral velocities (z and y directions) also reached ca. 4 times 2. The hotspot

regions at various velocity lower thresholds were visualized, and analysis of
b

hotspot volumes shows a significant volume fraction exists up to 5 times ;.
The dependence of the radial velocity profile on the column’s radial porosity
profile can be linearly regressed.

Visualizations of mass transfer simulations clearly showed the effects of
early breakthrough near the column wall due to the increased porosity (wall
effect). Non-concentricity in the loading of particles, which would be ne-
glected by ROMs; is also observed. Particle loading plots for individual par-
ticles allow to predict the behavior of the given column at varying lengths

and particle size distributions.

Breakthrough curves for long columns with 13,845 mono-disperse and
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9,974 poly-disperse particles were used to fit the axial dispersion coefficient
in the dimensionally reduced general rate model. Calibrating the GRM with
and without PSD result in differing values of the coefficient of axial disper-
sion, thus enabling quantification of bed morphology on column dispersion.

The largest simulations performed in this study still use geometries that
are two orders of magnitude smaller than commercially available micro columns.
HD simulations of such columns are generally possible, provided the required
compute quota is available. Much wider columns can be HD simulated by
neglecting wall effects and using periodic boundary conditions on the lateral
column surfaces.

Large-scale simulations require tremendous amount of developmental and
computational resources in order to simulate a single unit operation. Simu-
lation of a complete process pipeline would be infeasible at this scale. While
our HD simulations cannot directly be used in process design and optimiza-
tion, the vast amount of data generated by them can be used to understand
and calibrate fundamental parameters of ROMs, including column dispersion
and external mass transfer. Calibrated ROMs such as the 1D or 2D GRM
with or without PSD can then be used for process design and optimization,
which can require thousands or even millions of simulation runs. They also
allow studying complex effects of non-linear and competitive adsorption, such

as self-sharpening fronts or displacement effects.
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Table 1: Nomenclature

Symbol Meaning Units

04 bulk (interstitial) domain -

Qs particle domain -

| column inlet surface -

| column outlet surface -

I'wen  column wall surface -

I'sury  packed-bed surfaces -
ke Adsorption coefficient m?-mol=! - s}
kq Desorption coefficient st

c®  maximum binding capcity mol - m™3
Cp bulk phase concentration in €2, mol - m™3
p pore phase concentration in Qs  mol - m™3
Cs solid phase concentration in Q5  mol - m™=3
ar bulk phase concentration on I';,  mol - m™3
et bulk phase concentration on I'y,; mol - m™3
V, bulk domain volume m>
|74 particle domain volume m?

D, bulk phase diffusivity m? - st
D, effective pore phase diffusivity m? . st
Ec column porosity —
Ep particle porosity -
u velocity m - s
u™  inlet velocity on Ty, m-s!
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u; averaged interstitial z-velocity
I dynamic viscosity
density

P pressure

Zp particle diameter

D, column diameter

t2  time for 90% particle saturation
Vi analytical holdup volume
VA numerical holdup volume

0 holdup volume ratio

A cross section area of column
1% volumetric flowrate

19 relative holdup volume error

m-s

N-s-m=2

kg -m

-3

N -m™2

Table 2: Geometrical properties of simulated packed-bed columns.

Column Number of Avg. Particle Column Bed Bed
. Particle Size
Identifier Length Particles Radius Porosity Porosity Length
Distribution
(mm) (=) (nm) (=) (=) (mm)
SM mono-disperse 2.01 1,360 49.99 0.55 0.44 1.61
SP poly-disperse 2.01 1,002 52.80 0.54 0.44 1.65
LM mono-disperse 16.00 13,845 49.99 0.43 0.41 16.00
LP poly-disperse 16.00 9,874 53.14 0.43 0.40 15.36
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Table 3: Chromatography model parameters.

Parameter Value Unit

D, 1.15-10719 m?2.s7!

D, 7.07-10711 m?. 571

Ep 0.75 -

k. 1.144 m3 - mol™! - 57!
kq 21073 st
¢ma 4.88 mol - m™3

cn 7.14-107%  mol-m™3

ult 2.09-107% m.s7!
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Table 4: Mesh sensitivity results for SM and SP columns.

Geometry/  Elements Elements
Element Size Interstitial  Total

SM-0.04 131.34M  244.67TM  3.26%
SM-0.05 67.01M 131.86M  5.50%
SM-0.06 39.76M  070.98M  8.65%
SM-0.08 16.86M  031.37TM  19.83%
SM-0.10 8.94M  016.74M 41.46%
SP-0.04 143.00M  271.65M  2.67%
SP-0.05 72.30M  142.01M  4.30%
SP-0.06 42.52M  082.57TM  6.65%
SP-0.08 18.16M  034.46M 14.28%
SP-0.10 9.57M  018.46M 27.40%

Table 5: Mesh characteristics for LM and LP columns.

Geometry/  Elements Elements
Element Size Interstitial = Total
LM-0.06 235.88M  561.53M  8.20%
LP-0.06 237.89M  583.79M  6.43%
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Advection and Diffusion

Competitive Binding
TTTTTTTTT1

Film and Pore
Diffusion

Figure 1: Representation of a chromatography process showing involved mechanisms. Ad-
vection and diffusion dominate in the interstices, while diffusion and adsorption dominate

within the porous particles.

Fwall ; C}\ 7
1_‘surf / :

TTITrTrreeee?
I

in

Figure 2: Schematic of domains and domain boundaries of HD chromatography model.
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Figure 3: Generalized holdup volume as area over normalized chromatogram.
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Figure 4: Flowchart of general simulation workflow.
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Figure 5: Contact point modifications illustrated using two particles.
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Figure 7: Geometry of short mono-disperse (SM) and short poly-disperse (SP) packings.
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(a) LM packing (b) LP packing

Figure 8: Geometry of long mono-disperse (LM) and long poly-disperse (LP) packings.
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Figure 9: PSD of LP packing and porosity profiles of LM and LP packings.

(a) Element size 0.04 (b) Element size 0.05 (c) Element size 0.06

(d) Element size 0.08 (e) Element size 0.10

Figure 10: Zoomed in tetrahedral meshes of poly-disperse packing used for mesh sensitivity

study.
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Figure 11: Results of flow and transport simulations for short poly-disperse column with

varying element sizes.
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Figure 12: Normalized velocity components %i— in central z-y and y-z planes of SM geom-

etry. Direction of flow is upward.
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Figure 14: Hotspot volume fraction over velocity threshold for SM geometry.

52



0.0e+00 1.0e+00 0.0e+00

©

(a) ¢ and ¢p (b) zoom boxes from (c) cs (d) zoom boxes from

(a) (c)

Figure 15: Normalized bulk (=), particle pore (%) and solid (755 ) phase concentrations
b

(@
in central y-z plane of SM column at time t ~ 550s with zoom boxes of specific regions.
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Figure 16: Normalized bulk () and particle pore (%) phase concentrations in central
b b

y-z plane of SM column at different times. Direction of flow is upward.
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Figure 18: Effect of axial position on particle loading curves (left) and 90% loading time
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Figure 19: Effect of particle radius on particle loading curves (left) and 90% loading time
(right) SP simulations.

95



0.0 1.0 0.0 1.0 0.0 1.0

(a) t = 1500s (b) t = 4500 (c) t = 7500s

Figure 20: Central y-z plane of normalized bulk (£% ), particle pore (

(@ . s
C‘% Ci’;) and solid (c;m)

phase concentrations in LP simulation at different times. Direction of flow is upward.

56



T T T =
== LM GRM correlation /,
- — LM [}
£ O8F LM GRM fit !
= — LP
é 0.6 == LP GRM fit 1
8
o
% oaf 1
I
g
g
202 ]
0.0 = . . .
0 2000 4000 6000 8000 10000 12000
time (s)

Figure 21: Breakthrough curves of LM and LP columns as simulated using the HD model
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GRM with dispersion coefficient from empirical correlation.
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