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A B S T R A C T

Recently, the focus in chromatography model development has expanded to include the modeling of extra
column volume (ECV), particularly in small- and lab-scale systems where ECV can constitute a significant
portion of the total volume. Typically, ECV is modeled with 1D approaches, for example with combinations
of dispersed plug flow reactors (DPFRs) and continuously stirred tank reactors (CSTRs). However, radial
inhomogeneities in the ECV concentration profile necessitate higher-dimensional models for more accurate
predictions. Searching for a suitable modeling approach for a micro simulated moving bed chromatography
(𝜇SMB) system, we investigated whether the 2D laminar flow model can be extended to account for additional
dispersion effects, such as Dean vortices, through an equivalent radial flow rate distribution (eqFRD). For this
purpose, we conducted 3D CFD simulations of the respective ECV and adapted the radial flow rate profile of
a 2D simulation to match the residence time distribution observed in the CFD results. Applying the eqFRD
model led to a significant improvement in prediction accuracy for isolated ECV segments, increasing from
90% to 97% compared to traditional ECV models. However, when these models were applied to the full 𝜇SMB
system, the choice of ECV model had minimal impact on overall results as long as retention time within the
ECV was accurately predicted. This suggests that, in the studied system, the column has a greater influence on
peak shape than the ECV, allowing simpler ECV models to suffice in certain contexts. Despite these advances,
significant deviations between predicted and experimental results were observed, indicating that factors such
as the transition between the column and ECV, as well as detector effects, should be considered in future
research. The results underscore the importance of selecting an ECV model in the context of the entire system,
balancing accuracy with computational efficiency.
1. Introduction

Chromatography is the predominant method for downstream pro-
cessing (DSP) of biopharmaceutical products [1]. As product titers
increase, the focus of cost reduction shifts from upstream processing
to DSP, with chromatography emerging as the main cost driver [2].
This has prompted a considerable effort to optimize chromatography
process development and reduce production expenses [1–3].

One effective strategy for cost reduction in preparative applica-
tions is the implementation of (continuous) multi-column methods,
such as simulated moving bed chromatography (SMB) and periodic
counter-current chromatography (PCC) [1]. These techniques offer nu-
merous benefits, including higher capacity utilization, reduced solvent
consumption, and increased productivity [1,4]. Simultaneously, the
adoption of miniaturization and advanced process modeling aims to
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minimize experimental efforts and associated costs in process devel-
opment [3,5]. The use of miniaturized single-column chromatography
systems enables material and time efficient determination of impor-
tant process parameters, often in an automatized fashion [5,6]. These
single-column experiments, combined with chromatography modeling,
can be sufficient for multi-column process development. Nonetheless,
miniaturized multi-column systems can be advantageous: continuous
processes reduce the required equipment scale by approximately a
factor of ten compared to batch operations, making batch chromatog-
raphy systems unsuitable for some applications [3]. Kortmann et al.
developed a miniaturized PCC system with potential applications in
condition screening or product capture from perfusion cell cultures [7].
Recently, we developed a micro SMB (𝜇SMB) system and demonstrated
its applicability as a resource-saving tool in small-scale continuous
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process development [8] as well as for process analytics [9]. The
caled-down equipment significantly conserves resources, especially
or long-term studies, while the reduced scale also allows for a fast
esponse time in analytical applications.

Detailed modeling is critical for either performance comparison
cross scales or optimization of process parameters. While chromatog-
aphy columns are typically modeled using one-dimensional
pproaches, such as the general rate model or the equilibrium disper-
ive model [10,11], different approaches exists for the modeling of the

extra column volume (ECV).
SMB is a quasi-continuous binary separation technique that con-

tinuously separates a feed stream into two product streams by using
ultiple interconnected chromatography columns, divided into four

ones by inlets and outlets. This results in a different flow rate in each
f the zones and through the timed movement of columns, each zone

fulfills a specific function, including separation of components and re-
generation of the stationary and mobile phases. A detailed explanation
of the SMB principle can be found in literature [12–14].

In preparative SMB, accurate modeling is essential for determining
ptimal process points, ensuring efficient separation, and accounting
or ECV. ECV is commonly modeled as either an ideal plug flow reactor
PFR) [15], accounting only for time delay without dispersion effects,
r as a dispersed plug flow reactor (DPFR) [16], considering uniform

dispersion and time delay.
DPFRs are also frequently used to model capillaries in lab-scale

ystems, in conjunction with continuously stirred tank reactors (CSTRs)
o account for mixing effects in other system components, such as
alves and detectors [17–19]. However, the flow rate dependency of

model parameters is often seen as a drawback in lab-scale systems.
To address this, Baran et al. implemented a two-dimensional DPFR
considering the radial laminar flow profile, demonstrating good pre-
dictability of ECV behavior across a wide range of flow rates [20].
Filip et al. implemented computational fluid dynamics (CFD) mod-
els at various geometric levels, showing that under certain condi-
tions, the most detailed model, which includes curvatures and diam-
eter changes, is necessary to accurately predict ECV effects under all
tested conditions [21]. Therefore, a trade-off exists between simple
DPFR+CSTR models, which offer short computation times but may be
inaccurate if the flow rate deviates significantly from the calibration
flow rate, and more sophisticated models, such as CFD models, which
provide accurate predictions regardless of flow rate but require much
longer computation times. This is particularly important when using
small chromatography columns, where ECV significantly influences
overall dispersion behavior [22], necessitating a more detailed ECV
model.

Thus, in the case of the 𝜇SMB system, a significant impact of the
ECV on the overall system performance is expected and a detailed ECV
model required. However, modeling ECV with CFD is impractical for
continuous processes where the same portion of ECV must be modeled
multiple times, potentially at different flow rates. Consequently, there
is a need for a flow rate-independent, accurate prediction of ECV with
low computation time.

Given the considerable differences between state-of-the-art ECV
modeling in preparative SMB and miniaturized single-column chro-
matography, we found a limitation in existing ECV models. To address
this, we explored the feasibility of transferring the two-dimensional
DPFR approach to other flow rate distributions beyond the laminar flow
profile, thereby accounting for all ECV effects. This new approach is
termed the equivalent radial flow rate distribution (eqFRD).

In this study, we provide a brief overview of current model ap-
roaches and the considerations for establishing the eqFRD. We then
ompare various ECV modeling approaches in different scenarios, rang-
ng from simple capillaries to the ECV of a 𝜇SMB system.
 a

2 
2. Theoretical background

2.1. Overview of common ECV models

Currently, the most common approach for ECV modeling of lab-
scale chromatography systems is with CSTRs, (D)PFRs or a combination
thereof [17–19]. CSTRs are usually applied for modeling elements with
distinct mixing effects like valves and mixers [17]. The change in
concentration 𝑐 of component 𝑖 over time 𝑡 can be described according
o (1) with the inlet concentration 𝑐𝑖,in and the average residence time
𝜏 [23], which is the quotient of the CSTR’s volume 𝑉CSTR and the
volumetric flow rate 𝑞 [24]. PFRs, on the other hand, add a lag time
caused by delay volume and are used for the modeling of capillar-
es [17]. While ideal PFRs solely consider mass transfer by convection,
PFRs have an additional term to include dispersion effects. DPFRs
an be described using (2) with the mean linear velocity 𝑢0, spatial

coordinate 𝑧 and the dispersion coefficient 𝐷ECV [16]. If 𝐷ECV is set
to zero, the resulting equation describes a PFR; due to the spatial
discretization in the simulation process, leading to so called numerical
dispersion, the resulting model still will have a dispersion greater than
zero. This effect can be utilized to obtain an accurate model with a low
number of spatial grid-points, thus increasing the numerical efficiency.

he required number of grid-points 𝑁ECV can be approximated with
3) [16], with the length of the ECV 𝐿ECV [16]; with only one grid-

point, the model equals a CSTR model and with infinite grid-points it
is a PFR model.
𝛿 𝑐𝑖
𝛿 𝑡 =

𝑐𝑖,in − 𝑐𝑖
𝜏

(1)

𝛿 𝑐𝑖
𝛿 𝑡 + 𝑢0

𝛿 𝑐𝑖
𝛿 𝑧 = 𝐷ECV

𝛿2𝑐𝑖
𝛿 𝑧2 (2)

𝑁ECV =
𝐿ECV𝑢0
2𝐷ECV

(3)

For certain flow patterns and conditions, 𝐷ECV can be calculated. For
example, in a straight capillary with laminar flow, it can be calculated
using (4) with the molecular diffusion coefficient 𝐷m, the radius of the
capillary 𝑅 and the coefficient 𝜅 = 48 (for laminar flow in a straight
tube), if the conditions of Taylor–Aris dispersion are fulfilled [25,26].
This can be verified with (5), which tests if the residence time in the
apillary is long enough to reach a radial concentration equilibrium and

can thus be treated as a DPFR [20,25].

𝐷ECV = 𝐷m +
𝑢20𝑅

2

𝜅 𝐷m
(4)

𝐿cr it >
𝑢0𝑅2

4𝐷m
(5)

If condition (5) is not met, the radial flow distribution of the laminar
low profile leads to so called peak splitting, where the convection
eak consisting of molecules close to the center of the capillary moves
aster compared to the diffusion peak at the perimeters of the capillary.
his effect is particularly pronounced for macro molecules due to their

lower molecular diffusion coefficient and has already been extensively
discussed [20,27]. To account for this effect, the radial flow profiles as
well as radial diffusion have to be considered in (2) [20]:
𝛿 𝑐𝑖
𝛿 𝑡 + 𝑢(𝑟)

𝛿 𝑐𝑖
𝛿 𝑧 = 𝐷m

1
𝑟
𝛿
𝛿 𝑟

(

𝛿 𝑐𝑖
𝛿 𝑟 𝑟

)

+𝐷m
𝛿2𝑐𝑖
𝛿 𝑧2 (6)

with the radial flow distribution 𝑢(𝑟) according to (7) in case of laminar
flow [20].

𝑢(𝑟) = 2𝑢0
[

1 −
( 𝑟
𝑅

)2
]

(7)

Alongside the temporal dimension, the partial differential equation for
describing mass transport in the ECV now has two spatial dimensions,
𝑧 and 𝑟. In real systems, additional effects often occur that are not
captured by (7), an example are so-called Dean vortices, which can
rise in curved capillaries due to centrifugal forces and cause further
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dispersion [28]. These effects can be modeled, for instance, by 3D
CFD models [21]. Whether Dean vortices need to be considered can
be determined with the Dean number 𝐷 𝑛 calculated using (8) with the
Reynolds number 𝑅𝑒, the capillary diameter 𝑑, the curvature radius 𝑅𝑐 ,
the fluid density 𝜌, the dynamic viscosity 𝜂, and the Schmidt number
𝑆 𝑐; if condition (10) is met, the centrifugal forces can be neglected [21].

𝐷 𝑛 = 𝑅𝑒
√

𝑑
2𝑅𝑐

(8)

𝑅𝑒 =
𝜌𝑢0𝑑
𝜂

(9)

𝐷 𝑛2𝑆 𝑐 < 100 (10)

𝑆 𝑐 = 𝜂
𝜌𝐷m

(11)

Filip et al. used 3D CFD simulations for geometries where the Dean
vortices could not be neglected [21]. However, CFD simulations are so
far only applied in the context of single-column chromatography, as the
computation time is often too long for multi-column chromatography,
especially when continuous multi-column chromatography experiments
are to be simulated over a long period.

2.2. Equivalent radial flow rate distribution

Currently, there is a notable gap in modeling ECV when condi-
tion (5) is not met, meaning the ECV cannot be described with a
combination of DPFRs and CSTRs, and effects like Dean vortices pre-
vent the application of (6). This gap is especially evident when the
overall system and its application are too complex to model using 3D
CFD.

In this work, we tested two different approaches to overcome this
issue. In the first approach, we used two DPFRs+CSTRs in parallel
to be able to account for radial inhomogeneities in the concentration
profile. This approach is quite common when modeling parts with
larger volumes that can also exhibit some back-mixing, like mixing
chambers [29] or membrane chromatography housings [23], but is usu-
ally not applied to other system components. In the second approach,
we aimed to reduce the dimensionality required to describe the fluidic
effects from 3D to 2D by adjusting the applied flow rate profile and
using it in combination with (6). As it is not trivial to experimentally
measure the ECV effects for single components like short capillaries or
microfluidic channels, we used CFD simulations for the determination
of the equivalent flow rate profile. To explain the exact procedure for
this approach in more detail, we first examine the radial flow rate
distribution in case of laminar flow. For the numerical implementation
of (6), the modeled geometry is usually radially discretized in a number
𝑛r ad of radial cells. If the discretization is done equidistantly, each radial
element 𝑘 will have the area 𝐴(𝑘) according to (12). Additionally, a cer-
tain percentage of the overall flow 𝑞0, named the flow rate distribution
𝐹 𝑅𝐷(𝑘), will pass through each radial element according to (13), where
the mean linear velocity in the radial element 𝑢(𝑘) can be approximated
using (7), resulting in (14).

𝐴 (𝑘) = 𝜋

[

(

𝑟(𝑘) + 𝑅
𝑛r ad

)2
− 𝑟(𝑘)2

]

(12)

𝐹 𝑅𝐷 (𝑘) =
𝑢 (𝑘)𝐴 (𝑘)

𝑞0
(13)

𝐹 𝑅𝐷 (𝑘) = 1
𝑞0

2𝑢0𝜋

⎡

⎢

⎢

⎢

⎣

1 −
⎛

⎜

⎜

⎝

𝑟(𝑘) + 0.5 𝑅
𝑛r ad

𝑅

⎞

⎟

⎟

⎠

2
⎤

⎥

⎥

⎥

⎦

[

(

𝑟(𝑘) + 𝑅
𝑛r ad

)2
− 𝑟(𝑘)2

]

(14)

If the exact flow profile is unknown, an equivalent radial flow rate
distribution (𝐹 𝑅𝐷∗(𝑘)) can be calculated using a breakthrough curve
determined experimentally or through CFD simulation. In many cases,
𝐹 𝑅𝐷∗ does not represent the physical 𝐹 𝑅𝐷 in the respective system but
3 
Fig. 1. Schematic of a four column open-loop SMB system with ECV segments 1–5
between the different zones.

leads to a similar outlet concentration profile. Regardless of the actual
geometry of the ECV, which can be quite complex, 𝐹 𝑅𝐷∗ is always
approximated with a cylindrical geometry, where diameter and length
are chosen to match the physical ECV as closely as possible. Eqs. (15)–
(17) show the procedure for calculating 𝐹 𝑅𝐷∗ in an iterative process:
Without loss of generality, it is assumed that the mean retention time
of each radial cell 𝑡m(𝑘) increases with increasing radius (similar to
the laminar flow profile). With the iteratively determined maximum
retention time in each radial cell 𝑡end(𝑘), 𝑡m(𝑘) can be calculated using
(15). A concentration threshold for the starting point of the break-
through curve is set (e.g., 𝑐out (𝑡end(0)) ≥ 10−10 mM) for the calculation
of 𝑡m (1). 𝑡m (𝑘) can be used to calculate 𝐹 𝑅𝐷∗ (𝑘) with (16), which
is then used to calculate the outlet concentration 𝑐out,cal with (17),
which is compared to the actual measured (or CFD calculated) outlet
concentration 𝑐out (𝑡end(𝑘)). If (17) is not fulfilled, 𝑡end(𝑘) is increased
according to the temporal discretization until the smallest possible
𝑡end(𝑘) to fulfill (17) is identified. This process is repeated for all radial
cells.

𝑡m (𝑘) = 𝑡end(𝑘 − 1) + 0.5 (𝑡end(𝑘) − 𝑡end(𝑘 − 1)) (15)

𝐹 𝑅𝐷∗ (𝑘) =
𝐴(𝑘)𝐿ECV
𝑞0𝑡m (𝑘)

(16)

𝑐out,cal =
𝑘
∑

𝑛=1
𝐹 𝑅𝐷∗(𝑛)𝑐in ≤ 𝑐out (𝑡end(𝑘)) (17)

3. Methods

In this study, various ECV geometries were modeled with different
approaches, aiming to accurately represent the ECV of a 𝜇SMB system.
Even simple test geometries, such as capillaries, were derived from
the 𝜇SMB’s ECV. The 𝜇SMB system is an open-loop four-zone system,
as depicted in Fig. 1. In previous studies, this system was used with
one size-exclusion chromatography column per zone for continuous
desalting of proteins [8,9]. The 𝜇SMB functionality is realized through
a 3D printed central rotary valve, previously described along with the
general setup of the 𝜇SMB system [8,30]. The chromatography columns
of the system divide the ECV into five distinct segments, as shown
in Fig. 1. Each segment includes the static part of the valve system,
the rotating part of the valve system, and capillaries connecting the
chromatography columns to the valve. Exemplary, the ECV segment
between zones two and three (segment 3) is depicted in Fig. 2(a). Each
segment is further divided into several subsegments based on geometric
features, six in the case of Fig. 2(a).

The ECV features diameter changes, curves, and merges (feed) and
splits (raffinate/extract). A detailed overview of all dimensions of the
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Fig. 2. Overview of modeled geometries: (a) segment of the 𝜇SMB ECV between zones two and three, having distinct geometric properties, such as diameter changes, curves and
merges. In accordance with the geometric features, this segment of the ECV was further divided into six subsegments. (b) and (c): different modeling approaches for models with
fitted parameters. Either, each of the geometric subsegments is represented by one unit in the model (b), or all subsegment along a flow path are combined in one single unit (c).
Table 1
Overview of different modeling approaches of extra column volume with required model parameters and recommended applications. No superscript: geometric/
physical parameter, 𝑎 calculated parameter, 𝑏 fitted with genetic algorithm to calibration experiment, 𝑐 calculated based on calibration experiment.

Model Dimension Parameters Applications

PFR 1D 𝐿, 𝑑 low ratio of ECV dispersion to
column dispersion

DPFR 1D 𝐿, 𝑑 , 𝐷𝑎
ECV laminar flow with (5) fulfilled

(D)PFR+CSTR 1D 𝐿𝑏 , 𝑑 , (𝐷𝑏
ECV), 𝑉 𝑏

CSTR geometries with additional dispersion
and (5) fulfilled

parallel
(D)PFR+CSTR

1D 𝐿𝑏
1 , 𝑑1 , (𝐷𝑏

ECV,1),
𝑉 𝑏
CSTR,1 , 𝐿𝑏

2 , 𝑑2 ,
(𝐷𝑏

ECV,2), 𝑉 𝑏
CSTR,2, 𝑠

𝑏

geometries with additional dispersion
and (5) not fulfilled

laminar 2D 𝐿, 𝑑 , 𝐷m , 𝑢𝑎(𝑟) laminar flow with (5) not fufilled

eqFRD 2D 𝐿, 𝑑 , 𝑢𝑐 (𝑟) geometries with additional dispersion
and (5) not fulfilled under various flow
conditions

CFD 2D/3D 𝐿, 𝑑 , 𝐷m complex geometries with high accuracy
requirements
individual ECV subsegments of the entire 𝜇SMB system is provided in
Table S1 in the supplementary information (SI). A technical drawing of
the 3D printed stator channel is depicted in Fig. S1.

The ECV was modeled using two methods: a unit-by-unit approach,
where each subsegment of the ECV was modeled separately, as shown
in Fig. 2(b), and a flow path approach, where all subsegments connect-
ing zone two and zone three and all subsegments connecting the feed
and zone three were modeled as a single unit, depicted in Fig. 2(c).
Before modeling the entire ECV segments, subsegments 1 and 3 were
modeled independently to study the effects of Taylor–Aris dispersion
and Dean vortices in greater detail.

A complete SMB process was modeled, and the simulation results
were compared to previously published experimental data [8]. The
applied zone flow rates and other process parameters are detailed in
Table S2 in the SI. The column model, including all parameters, was
also previously published. The columns were modeled using the 1D
general rate model (GRM), assuming no radial concentration profile
4 
within the columns, thereby neglecting any influence of the columns’
outlet profiles on the ECV behavior. Effects caused by frits etc., were
not considered separately but were included in the column model. An
detailed overview of the units required for SMB modeling with the
different approaches is given in Fig. S2. Similar to the experiments, all
simulations were performed for bovine serum albumin (BSA) (𝐷m =
6.78e–11 m2/s, calculated according to [31]) and ammonium sulfate
(AS) (𝐷m = 1.2e–9 m2/s [32,33]). The significant size difference be-
tween these molecules is advantageous for investigating ECV effects,
as molecular size has been reported to play an important role [20].

Seven different approaches for ECV modeling were evaluated, sum-
marized in Table 1. In this work, the approaches are categorized
into models where all parameters can be calculated based on geomet-
ric/literature data (PFR, DPFR, laminar, and CFD) and models requiring
a calibration experiment (or CFD simulation) for parameter fitting
(DPFR+CSTR, parallel DPFR+CSTR) or parameter calculation (eqFRD).
Detailed descriptions of these modeling approaches are provided in the
following sections.
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3.1. CFD models

CFD simulations were performed as a benchmark for the other
modeling approaches and also for model calibration (if required). The
imulations were conducted using COMSOL Multiphysics version 6.1
Comsol Multiphysics GmbH, Göttingen, DE), employing the laminar
low and the transport of diluted species physics.

The channels of the valve system (subsegments 2–5 in Fig. 2(a))
ere modeled in 3D. The capillaries connecting the columns and the

valve system (subsegments 1 and 6) were simplified to straight, unbent
capillaries, as the real bending radius is to large for the occurrence of
Dean vortices and this assumption reduces computational time signifi-
cantly. Single capillaries were modeled in 2D. All mesh configurations
are listed in Table S3 in the SI.

Simulations were conducted for both pulse injections and break-
through curves. The exact inlet profiles are provided in the SI (Ta-
ble S4). The maximum inlet concentration for both cases was
0.03 mol/m3. Subsegments 1 and 3 were modeled at flow rates of 1, 10,
100, and 1000 μL/min, while the entire ECV segments were modeled
at the respective flow rates of the comparable 𝜇SMB experiments.

3.2. 1D models

All 1D simulations were performed using the Chromatography Anal-
ysis and Design Toolkit (CADET, Institute of Bio- and Geosciences 1
(IBG-1) of Forschungszentrum Jülich (FZJ), Jülich, DE) [34]. PFRs were

odeled using the lumped rate model without pores, setting the column
orosity to 1 and the column dispersion to 0 m2/s. For DPFR models,
he column dispersion was calculated using (4).

A subsequent CSTR model was added to each DPFR for DPFR+CSTR
models. The length of the DPFR 𝐿, the dispersion coefficient of the
DPFR 𝐷ECV, and the volume of the CSTR 𝑉CSTR were determined
through parameter fitting, with a defined diameter. If only a single
subsegment was modeled, the actual diameter was used; otherwise, the
diameter of the valve system was chosen. The parameter fitting was
performed using the differential evolution algorithm of scipy.optimize.
The same time steps were used for both the CFD simulation and the
parameter fitting. The mean square error between the outlet concen-
tration of the CFD (𝑐CFD(𝑡)) and the respective simulation (𝑐sim(𝑡)) was
chosen as the optimization function 𝑦 according to (18). When fitting
the parameters of a series of DPFR+CSTR units, the parameters of the
first unit were fitted initially, followed by fitting the parameters of
the subsequent units, including all previous units in series. For fitting
parameters of one unit at varying flow rates, the optimization function
was modified to sum the mean square errors of all flow rates. For
modeling the entire ECV segment as shown in Fig. 2(b), the units Rotor
a and 1b (as well as 2a and 2b) were combined.

𝑦 =
𝑡end
∑

𝑡=0

(

𝑐CFD(𝑡) − 𝑐sim(𝑡)
)2 (18)

The approach for the parallel DPFR+CSTR (P DPFR+CSTR) was similar,
except that the volumetric flow rate in each subsegment was divided
into two partial flows and modeled separately. The flow rate division
ratio 𝑠 was also determined through parameter fitting. When modeling
multiple units in series, the flow rate division ratio remained constant
for all units according to the parameter fit of the first unit, resulting in
two completely independent flow paths for the entire ECV segment.

3.3. 2D models

2D models were also implemented in CADET, using the 2D GRM
educed to a 2D lumped rate model without pores by setting the
olumn porosity to one. Unless otherwise stated, an equidistant radial
iscretization with 50 radial cells was applied. For laminar modeling,

the actual diameter and length of the respective geometry were used,

along with the molecular diffusion coefficient for radial and axial

5 
dispersion. The mean linear velocity of each radial cell was calculated
using (7).

The eqFRD approach was implemented using a similar 2D GRM in
CADET, but the axial and radial dispersion coefficients were set to zero,
as molecular diffusion effects were already considered in the parameter
calculation based on the CFD simulation results. The radial flow profile
𝐹 𝑅𝐷∗ was calculated based on (16).

Equidistant radial discretization was chosen for modeling single
units. For modeling a series of different units, the flow in each radial
cell was kept constant to prevent artificial simulated mixing effects.
Thus, for a series of units, 𝐹 𝑅𝐷∗ was only calculated for the first unit
and kept constant for all subsequent units in series. Instead of changing
𝐹 𝑅𝐷∗, the specific retention time in each subsequent radial subsegment
was adjusted using custom radial discretization, with the area of each
adial cell calculated similarly to 𝐹 𝑅𝐷∗.

When modeling an entire ECV segment, subsegments Rotor 1a and
b (as shown in Fig. 2(b)) were modeled using the laminar approach,

while Rotor 2a and 2b were modeled as a single unit with eqFRD.

4. Results and discussion

4.1. Modeling of straight capillaries

At first, the different model approaches were compared for a straight
capillary at varying flow rates. The eqFRD approach was not included,
as it equals the laminar approach in case of a straight capillary with
laminar flow conditions. Although similar studies have already been
onducted [20], we include this for completeness and clarity. The
odeled capillary corresponds to subsegments 1 and 6 in Fig. 2(a),

representing the capillaries connecting the chromatography columns
to the valve system in the 𝜇SMB setup. In total, there are eight such
capillaries in the 𝜇SMB setup, with one at each column’s inlet and
outlet. The fluidic effects in the capillaries were assumed to be indepen-
dent of those occurring in the rest of the system for this analysis. The
critical flow rate for Taylor–Aris dispersion in this capillary, according
to (5), is < 5.6 μL/min for BSA and < 99.5 μL/min for AS. Given that
the 𝜇SMB system operates between 48 μL/min and 113 μL/min for the
considered process, dispersed plug flow behavior cannot be assumed for
BSA. Therefore, we investigated the effects of flow rate on the outlet
profile.

Fig. 3(a) displays the outlet profiles from CFD simulations of pulse
injections of BSA and AS at flow rates ranging from 1 to 1000 μL/min.
The vertical black line indicates the volume of the capillary. At flow
rates below the critical flow rate, the outlet profiles are nearly symmet-
ical Gaussian peaks with the expected retention volume. Peak height
ecreases with lower flow rates due to longer residence times, which
nhance axial dispersion effects. At higher flow rates, peak splitting
aused by the laminar flow profile is observable: Without sufficient
esidence time, radial diffusion equilibrium is not achieved, resulting
n a faster elution of the molecules at the center of the laminar flow
rofile in contrast to the molecules close to the wall, causing a strong
ailing effect. This effect is more distinctive for BSA, where the peak
plitting starts at a flow rate of 10 μL/min, whereas for AS, the effect
egins at 100 μL/min, due to the smaller molecular diffusion coefficient
f BSA. The peak height increases again at 1000 μL/min because the
ulse length had to be increased for numerical stability (8.33 μL for
000 μL/min compared to 0.83 μL for other flow rates).

Figs. 3(b) and 3(c) depict the breakthrough curves of BSA modeled
with different approaches at the flow rates of 1 μL/min and 100 μL/min,
espectively. At 1 μL/min, all models except PFR accurately predict

the shape of the breakthrough curve in regard to the CFD model.
The PFR model exhibits slight dispersion effects due to numerical
dispersion. At 100 μL/min, above the critical flow rate, the differences
between models become more pronounced. For instance, a DPFR with
the dispersion coefficient calculated from (4) is unsuitable. Using a
DPFR+CSTR combination with fitted parameters improves results but
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Fig. 3. Modeling of a straight capillary with a length of 0.11 m and a diameter of 0.25e−3 m with varying flow rates and different ECV model approaches. The vertical black
lines represent the volume of the capillary. (a): CFD simulations of a pulse injection at different flow rates for BSA and AS. The injection volume at 1000 μL/min is 8.33 μL and
0.83 μL for all other flow rates. (b), (c): Breakthrough curve of BSA at a flow rate of 1 μL/min (b) and 100 μL/min (c) for different modeling approaches. (d): Pulse injection of
BSA at a flow rate of 100 μL/min for different modeling approaches. (e): Deviations of different model approaches from the CFD model for breakthrough and pulse injections of
BSA. All values were normalized with the total area of the outlet profile of the CFD simulation. (f): Transfer of fitted ECV models (DPFR+CSTR, P DPFR+CSTR) with parameters
(𝐿, 𝐷ECV , 𝑠) fitted at various flow rates to a flow rate of 100 μL/min.
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still fails to accurately model the breakthrough curve shape. This can
nly be achieved using a model that allows for radial discretization,
ccounting for the peak splitting. Two approaches were considered:
he parallel DPFR+CSTR, essentially a 2D DPFR+CSTR with two radial
ells, and the laminar model. Due to the low number of radial cells,

the parallel DPFR+CSTR was still considered as a 1D approach in
this work. Of course, it would be possible to increase the number of
parallel DPFR+CSTR units, but for the peak splitting, two cells (one
for each peak) are sufficient. While this presents a straight forward
model approach, parameter fitting is more complex due to the increased
number of parameters, and suitable model parameters for all flow
rates could not always be obtained (compare SI Fig. S3). As previously
reported, the laminar approach resulted in comparable results to the
CFD simulation, even with a low number of radial cells (10 for BSA and
5 for AS, see SI Fig. S4), suggesting it should be used more frequently
for ECV modeling.

The same models were applied to pulse injections to assess the
ersatility of the different approaches. Parameters determined from
reakthrough curves were used for models requiring parameter fitting
DPFR+CSTR, P DPFR+CSTR). The laminar model again produced
esults comparable to the CFD model, while the parallel DPFR+CSTR
nderestimated peak height but predicted the curve shape correctly.
his indicates that models not requiring parameter fitting are more
obust under varying experimental conditions.

Fig. 3(e) summarizes the deviations between the tested ECV simu-
lations and the CFD simulation across different flow rates and injection
profiles. All outlet profiles and comparable results for AS are included
in the SI (Figs. S3, S5, and S6). Deviations were normalized with the
overall peak area of the CFD outlet profile for better comparability.

Initially, deviations increase with increasing flow rate and stagnate
starting from 100 μL/min for most models. Especially at low flow rates,
 t

6 
the laminar model shows the smallest deviations as both the laminar
and CFD models consider the radial flow rate profile along with axial
and radial diffusion. Among the other models, DPFR performs best at
low rates below 𝑞cr it but becomes less accurate at higher flow rates.

Particularly at higher flow rates, the parallel DPFR+CSTR approach
utperforms the DPFR+CSTR. Deviations of the peak injection inlet
rofile are generally higher than those of the breakthrough curves,
ikely due to the higher peak area of the breakthrough combined
ith normalization. In summary, these results illustrate that DPFR
ith 𝐷ECV calculated according to (4) is a valid option for flow rates
elow 𝑞cr it , while 2D models are universally applicable under varying
onditions, even with a low number of radial cells.

To emphasize this further, Fig. 3(f) shows the application of model
arameters fitted at different flow rates for simulations performed at
00 μL/min. The deviation from the CFD model increases with the
ifference between the fitting and simulation flow rates. While this can
ometimes be improved by fitting parameters at multiple flow rates,

it remains challenging when different fluidic phenomena dominate at
different flow rates. On the other hand, for the not-fitted models, the
flow rate is used to calculate the model parameters and thus always
considered automatically.

4.2. Modeling of a curved channel

Next, we focused on modeling the curved structure of the valve’s
stator (subsegment 3 in Fig. 2(a), without merges or splits) at flow
rates ranging from 1 to 1000 μL/min. Due to the presence of Dean
vortices, the eqFRD approach differs from the laminar approach and
both were considered. Table 2 provides an overview at which flow rate
he criteria for Taylor–Aris dispersion and Dean vortices are met. Dean
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Table 2
Overview of flow conditions. At a flow rate of 1000 μL/min, non of the conditions are
met for neither molecule. ∗ condition is met.

1 10 100
μL/min μL/min μL/min

BSA 𝑞𝑐 𝑟𝑖𝑡 in 𝜇L/min 0.74 0.74 0.74
𝐷 𝑛2𝑆 𝑐 2.07∗ 206.85 20 685.48

AS 𝑞𝑐 𝑟𝑖𝑡 in 𝜇L/min 13.10∗ 13.10 13.10
𝐷 𝑛2𝑆 𝑐 0.12∗ 11.69∗ 1168.73

Fig. 4. CFD calculated concentration profile in a longitudinal section of a straight and
curved channel. Except for the geometry, conditions are identical in both cases (pulse
injection of BSA, 1.5 s after injection, flow rate of 100 μL/min).

vortices significantly increase dispersion compared to laminar flow,
as illustrated in Fig. 4, which compares concentration profiles in the
center of a longitudinal section of straight and curved channels under
identical conditions (𝐿, 𝑑, 𝑞, 𝐷m).

Fig. 5(a) shows CFD simulations of breakthrough curves for BSA and
AS at various flow rates. At low flow rates, the breakthrough curves
of BSA are broader than those of AS and the width increases with
increasing flow rate. Notably, from a flow rate of 10 μL/min for BSA and
100 μL/min for AS, the curves exhibit a similar shape regardless of flow
rate or molecule. Additionally, BSA at 1 μL/min and AS at 10 μL/min
display comparable breakthrough curves. These observations are in
agreement with Table 2 and indicate that flow conditions for Taylor–
Aris dispersion and Dean vortices have a greater impact on the outlet
profile than molecular diffusion.

Fig. 5(b) shows the breakthrough curves of BSA at 100 μL/min
with different ECV modeling approaches. The DPFR model deviates
significantly from the CFD model, as the residence time is too short
for Taylor–Aris dispersion to occur. The laminar model illustrates the
outlet profile of a straight channel without Dean vortices, characterized
by early breakthrough of molecules near the center and tailing of
those near the wall. In the curved capillary, these effects are mitigated
by additional dispersion caused by Dean vortices. Other ECV models
accurately predict the outlet profile.

Fig. 5(c) compares deviations between ECV models and the CFD
model across different flow rates and injection profiles for BSA. The
outlet profiles for all conditions as well as the comparable results for
AS are included in the SI (Figs. S7–S9). Similar to the straight capillary,
the deviation increases with flow rate and plateaus at 100 μL/min.
Again, deviations for pulse injections are generally higher than those
for breakthrough curves and slightly higher than those for the straight
capillary but remain below 5% for most breakthrough curves. The
eqFRD approach is the most accurate across most flow rates, making
it a suitable alternative to the laminar approach when multiple fluidic
effects are present. However, achieving high accuracy requires 50
radial cells (see Fig. S10), consequently there is a trade-off between
computational time and precision in this case. The increased number
of required radial cells likely results from the larger radius compared
to the straight capillary rather than the modeling approach itself, as the
laminar approach required an increased number as well (see Fig. S11).
Unlike the other models, the eqFRD model shows increasing deviations
at 1000 μL/min compared to 100 μL/min. This is most likely due to the
time discretization used in the simulation as well as the calculation
7 
of 𝐹 𝑅𝐷∗. A time increment of 0.025 s was used across all flow rates,
although the total simulation time varied significantly. Consequently,
only 36 time steps were required for the breakthrough at a flow rate of
1000 μL/min, compared to 360 and 3600 time steps at flow rates of 100
and 10 μL/min, respectively. Because the precision of the calculated
𝐹 𝑅𝐷∗ is directly linked to the concentration change occurring within
each time increment (compare (15)–(17)), the accuracy at higher flow
rates can be improved by reducing the time increment.

Similar to Fig. 3(f), Fig. 5(d) shows the transfer of model parameters
fitted at various flow rates to simulations performed at 100 μL/min. It is
possible to predict the breakthrough curve at 100 μL/min using param-
eters determined at 1000 μL/min for all methods. However, parameters
fitted at 10 μL/min for the DPFR+CSTR model and 1 μL/min for both
the DPFR+CSTR and the parallel approach underestimate dispersion
effects, resulting in a steeper predicted breakthrough curve. This is
because Dean vortices only appear at flow rates above 10 μL/min, with
10 μL/min being at the transition zone. Consequently, these models
cannot extrapolate to conditions different from the original flow con-
ditions. In contrast, the eqFRD approach can predict the basic shape of
the breakthrough curve even using parameters calculated at 1 μL/min,
though deviations from the CFD model increase with the difference
between the actual flow rate and the one used for parameter calcu-
lation. This demonstrates eqFRD’s versatility across various application
scenarios, especially when simulating different flow rates over a broad
range.

Figs. 5(e) and 5(f) compare the eqFRD at different flow rates for the
curved channel and an equivalent straight one (with otherwise the same
dimensions) for BSA and AS, respectively. For better comparability
between the different flow rates, the equivalent volume (𝑒𝑞 𝑉 ), which is
𝐹 𝑅𝐷∗ normalized with the mean retention time, is depicted instead of
𝐹 𝑅𝐷∗. An ideal PFR and laminar flow are also included. BSA exhibits
nearly ideal laminar flow at high flow rates, with almost no radial diffu-
sion. At lower flow rates, the differences between radial cells decrease,
and the profile approaches that of a PFR. This is particularly evident
for AS at 1 μL/min, the only condition meeting the criterion for Taylor–
Aris dispersion. The remaining deviations from the ideal PFR, leading
to peak broadening effects, visualize the dispersion. No difference is
observable between the straight and curved channels at low flow rates,
which aligns with Table 2. Interestingly, once a deviation between
curved and straight channels occurs, all curved channels exhibit the
same 𝑒𝑞 𝑉 , independent of flow rate and molecule. This indicates that
Dean vortex-induced dispersion outweighs over molecular diffusion
effects. The 𝑒𝑞 𝑉 curves for BSA are more consistent compared to
AS, explaining the better transferability of calculated 𝐹 𝑅𝐷∗ across
different flow rates. For AS, the transfer results in higher deviations
(see Fig. S9b), hence, whether the eqFRD can be generalized over a
broad flow rate range needs to be verified for each scenario.

Overall, the new eqFRD approach offers a valuable alternative to
2D simulations with a laminar flow profile, particularly when multiple
effects occur simultaneously. It provides a reliable method for various
simulation conditions, especially for larger molecules. When strong
dispersion effects are present, simpler approaches like DPFRs can also
be sufficient. The optimal modeling approach should be determined
based on the specific application, balancing modeling accuracy and
computational time.

4.3. Combination of different subsegments

After analyzing different subsegments of the ECV individually, we
proceeded to model entire segments using the different approaches.
It is known that dispersion effects occurring in ECV are not additive,
nonetheless additive behavior is often assumed for simplification [35,
36]. Here, we investigated whether it is acceptable to assume additive
behavior and determine the model parameters of each subsegment
independently, or if all subsegments need to be considered together
during model development. The results are shown in Fig. 6(a).



J. Diehm and M. Franzreb

r

m
(
(

e
t
n
m

o

e

Journal of Chromatography A 1740 (2025) 465543 
Fig. 5. Modeling of a curved channel with a length of 0.014 m and a diameter of 0.8e−3 m with varying flow rates and different ECV model approaches. The vertical black lines
epresent the volume of the channel. (a): CFD simulations of a breakthrough at different flow rates for BSA and AS. (b): Breakthrough curve of BSA at a flow rate of 100 μL/min

for different modeling approaches. (c): Deviations of different model approaches from the CFD model for breakthrough and pulse injections of BSA. (d): Transfer of fitted ECV
models (DPFR+CSTR, P DPFR+CSTR, eqFRD) with parameters (𝐿, 𝐷ECV , 𝑠, 𝑢(𝑟)) fitted at various flow rates to a flow rate of 100 μL/min. (e), (f): 𝑒𝑞 𝑉 of BSA (e) and AS (f) at
different flow rates for a straight and curved structure in comparison with ideal laminar and PFR behavior.
Fig. 6. Modeling of the ECV segment between zone II and zone III. (a): Modeling with the eqFRD approach, using different subsegments of the ECV for the calculation of the
odel parameters. For explanation of the subsegments, see Fig. 2(b): S1 — Stator 1 & Stator 2; R1 Rotor 1a & Rotor 1b; R2 — Rotor 2a & Rotor 2b. (b): Breakthrough curves

lines) and mean retention times (first moments, markers) for different model approaches. The ECV was either modeled as one unit (according to Fig. 2(c)), as different segments
according to Fig. 2(b)), or in 𝜇SMB configuration, where the parameters for all rotating parts were calculated considering the breakthrough curves at all four zone flow rates.

(c): Breakthrough curves (lines) and mean retention times (first moments, markers) of the 𝜇SMB configuration with different modeling approaches.
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As discussed in Section 4.1, subsegments 1, 2, 5, and 6 can be
ffectively modeled with the laminar approach. This holds true even for
he diameter changes between subsegments 1 and 2 and 5 and 6 (results
ot shown here). In implementation S1, all rotor subsegments were
odeled as independent units, as depicted in Fig. 2(b), and the rotor

subsegments were modeled with the laminar approach and the stator
subsegments with eqFRD, assuming no superimposition of the ECV
effects between different subsegments. Subsequently, implementations
S1+R1 and S1+R2 combined the stator subsegments with one part
f the rotor, using eqFRD to model the combined unit. Finally, in

implementation S1+R1+R2, all subsegments along a flow path were
combined into one unit, as depicted in Fig. 2(c) and modeled with
qFRD.
 p

8 
The depicted breakthrough curve features a shoulder resulting from
he two inlets of the ECV with different retention times. The shoulder
epresents the breakthrough of molecules entering subsegment 4, while
he main breakthrough is from molecules entering subsegment 1. The
nd concentration of the first breakthrough is much lower due to the
ower flow rate entering subsegment 4 (30 vs. 98 μL/min). Only by
onsidering all subsegments of the ECV segment together during model
uilding, the model is able to accurately predict the CFD breakthrough
urve, demonstrating that ECV effects are not simply additive in this

example. This was to be expected as no radial mixing occurs between
the subsegments.

While these results suggest that modeling all subsegments along
 flow path as a single unit is the most accurate and simplest ap-
roach, it is not always feasible. In the case of the described 𝜇SMB
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Fig. 7. Comparison of different ECV model approaches for the application of a 𝜇SMB system: (a): BSA concentration in the raffinate stream for the first two switches of the third
cycle. Simulated concentrations were post-processed with a moving average with a 10 s time interval to match the experimental settings. (b): AS concentration in the extract stream
for the first two switches of the third cycle. (c): Deviations of the tested approaches to the experimental results (Exp. 1) over the first three cycles for BSA in the raffinate stream
and AS in the extract stream. For better comparability between the molecules, all values were normalized with the over all area of the experimental results.
s

t

system, for example, each ECV segment consists of rotating and static
arts, resulting in different connections between subsegments in the
ourse of one experiment. Consequently, subsegments must be mod-
led as separate units to implement these changes in connectivity.
his is straightforward for models that do not require parameter fit-
ing, as all subsegments can be modeled independently in accordance
ith Fig. 2(b). For models requiring parameter fitting, it is crucial

to consider the flow through all preceding subsegments, as shown in
Fig. 6(a).

In the case of SMB, there is one more point to consider: the rotating
arts of the ECV switch between the different zones of the SMB system,

hence changing flow rates during an experiment. This can be imple-
ented in models that do not require parameter fitting (at least for the

ones considered in this study), as only 𝐷ECV changes with flow rate and
his can be adjusted in CADET. It is more challenging for fitted models,
s the stator model also depends on concentration profiles in the rotor
arts. Here, it was investigated whether a model applicable at all
equired flow rates could be implemented. The resulting breakthrough
urves and mean residence times of all the model approaches requiring

a parameter fit are depicted in Fig. 6(b).
All model approaches match the CFD breakthrough curve when us-

ng a single unit and also when using several units for the subsegments.
Only when implementing a model for all flow rates, the DPFR+CSTR
approach is not able to predict the breakthrough curve any longer, the
deviation is also apparent in the mean retention time. Both, eqFRD
and the parallel approach predict the peak shape with high accuracy,
though the mean retention time is more accurate with the parallel
approach. Still, both approaches seem viable options for modeling the
whole segment under varying flow rate conditions.

Fig. 6(c) provides an overview of all model approaches for the
ntire ECV segment under SMB conditions. The two breakthroughs
rom the two inlets become more apparent for the PFR approach. The
urve is not perfectly rectangular, which shows the impact of numerical
ispersion for the chosen discretization. As previously observed, the

parallel approach and eqFRD predict the shape of the breakthrough
curve with the highest precision, reducing deviations to the CFD model
rom 8%–11% for all other models to approximately 3%. However,
hen considering all segments between all the zones, only eqFRD is
ble to predict the peak shape reliably at all flow rates (compare
ig. S12).

Besides the differences in model complexity and hence computa-
tional time, the DPFR and PFR approaches accurately predict the mean
retention time as it is not influenced by dispersion. The peak shape,
n the other hand, differs significantly. Whether simple 1D models

suffice depends on whether peak shape and retention time are crucial
r if retention time alone is sufficient. The laminar and DPFR+CSTR

approaches underestimate retention time and are unsuitable. For the
DPFR+CSTR approach, better model parameters might be found using
9 
a different fitting metric, such as considering mean retention time in
addition to the mean square error that was applied in this study. The
laminar model’s shorter retention time results from the not considered
dispersion caused by Dean vortices. This effect is compensated in
the DPFR model by assuming increased dispersion due to Taylor–Aris
dispersion, leading to comparable retention time but differing peak
hape.

4.4. Application of ECV models to a 𝜇SMB system

Fig. 7 illustrates the application of the developed ECV models to
the 𝜇SMB system. The experimental data shown are from the triangle
theory process point previously published [8], with the experiments
performed in duplicate (labeled as Exp. 1 and Exp. 2). Fig. 7(a) displays
the first two switches of the third cycle for BSA in the raffinate
stream, while Fig. 7(b) shows the same for AS in the extract stream.
For comparison, a simulation without any ECV model was also per-
formed. The parallel DPFR+CSTR approach is not depicted due to its
disproportionately long computational time.

Both plots show the typical cyclic behavior characteristic of an SMB
experiment. When comparing these results to Fig. 6(c), it is evident
that all models capable of accurately predicting retention time for the
ECV between zones two and three yield comparable results in the 𝜇SMB
simulation. However, the differences in predicted peak shapes between
the various approaches are less pronounced than in the standalone
ECV modeling. This is primarily because the column model contributes
more significantly to overall dispersion than the ECV. By calculating the
first and second moments of the column and ECV outlet profiles, it is
estimated that the ECV accounts for 17% of the retention time but only
8% of the peak broadening in the case of BSA. This suggests that for
the developed 𝜇SMB system, a simple ECV model is sufficient, which is
advantageous for scale-up modeling, as those are also state of the art
for larger scale SMB system and the same model type can be applied
across different scales.

However, especially in the case of BSA, there are noticeable differ-
ences between the predicted peak shape and retention time compared
o the experimental results for all tested ECV models. Fig. 7(c) provides

an overview of the deviations for the first three cycles of the SMB
process. Even between the two duplicate experiments, there is a differ-
ence of 14% for BSA and 6% for AS. Overall, the deviations are higher
for BSA than for AS. For the PFR, DPFR, laminar, and eqFRD models,
the deviation is approximately 25% for BSA and 15% for AS. Among
the tested models, the laminar model performs slightly better for AS,
likely because the experimental conditions are close to the regime
where Taylor–Aris dispersion is expected for AS, but not for BSA. The
model that disregards the ECV and the DPFR+CSTR model exhibit
the highest deviations, underscoring the importance of accounting for
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ECV and the challenges in determining suitable model parameters
through parameter fitting. These results suggest that all models with
alculated parameters would provide a comparable estimation of the

SMB process. The influence of the ECV is generally more significant
for unretained components [37], as they have a shorter retention time
in the column. In this case, both components are unretained, yet their
retention times vary significantly. BSA has a pore accessibility of 0,
while AS has a pore accessibility of 0.96, resulting in retention volumes
of approximately 130 μL and 290 μL, respectively. Consequently, BSA
represents the worst-case scenario regarding ECV influence, which also
explains the lower deviations observed with AS.

Despite applying the ECV models, significant deviations remain.
Possible reasons for these discrepancies include the omission of detector
geometry during model parameter determination or effects related to
he column model, such as frits or the transition between the column
nd ECV, both of which have been previously reported to influence
etected peaks [21,38]. The frits were included in the column model,
nd the single-column model was tested across various flow rates.
owever, these single-column results may not be directly transferable

o the 𝜇SMB system, as we demonstrated in previous sections that the
additivity of the influence of single system components on the outlet
profile cannot be assumed. The column endpieces and frits used (fixed
endpieces for Omnifit Microbore columns with 2 μm stainless steel
frits) have an approximate volume of 18 μL per column. This volume
is therefore not negligible compared to the system’s ECV, which is
approximately 21 μL between columns per zone. Thus, the influence of
the endpieces and frits should be examined in greater detail in future
studies.

The presented results emphasize the importance of considering ECV
n relation to the column itself. The selection of a suitable ECV model
hould not be based solely on the ECV characteristics but also on the
erformance of the column and the overall system.

5. Conclusion

In this study, we systematically evaluated various modeling ap-
proaches for predicting the effects of extra column volume in a 𝜇SMB
chromatography system and its ECV entities. Our results highlight that
while the laminar model is highly versatile and provides accurate
results for straight capillaries across different flow rates, it is less
reliable for curved capillaries and channels where Dean vortices are
present. In these cases, the here presented eqFRD model offers a viable
alternative, particularly for simulations requiring accurate predictions
at varying flow rates. When modeling complex ECVs consisting of
multiple subsegments, the model accuracy could be increased signif-
icantly from approx. 90% with common ECV models to 97% with
the parallel DPFR+CSTR and eqFRD approaches. However, the eqFRD
model proved more reliable when determining process parameters
across several flow rates simultaneously, making it a robust choice for
complex systems.

When these approaches were applied to model the entire 𝜇SMB
system, we found that the choice of ECV model had minimal impact,
provided it could accurately predict the retention time within the ECV.
This suggests that, in the specific scenario considered, the column plays
a much more dominant role in determining peak shape than the ECV,
and simpler ECV models may be sufficient to achieve reliable results.
Therefore, the selection of an ECV model should always be made in
the context of the overall system to avoid unnecessary computational
complexity.

For all tested model approaches, there remains a significant de-
viation between the predicted and experimental results of the 𝜇SMB
experiments. This indicates that other factors, which were not ac-
counted for in this study, such as the transition between the column and
CV, may need to be considered in future research to further improve

model accuracy.
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