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Abstract: A transient inline spiking system is a promising tool for evaluating the performance of
a virus filter in continuous operation. For better implementation of the system, we performed a
systematic analysis to understand the residence time distribution (RTD) of inert tracers in the system.
We aimed to understand the RTD of a salt spike, not retained onto or within the membrane pore,
to focus on its mixing and spreading within the processing units. A concentrated NaCl solution
was spiked into a feed stream as the spiking duration (tspike) was varied from 1 to 40 min. A static
mixer was employed to mix the salt spike with the feed stream, which then passed through a single-
layered nylon membrane inserted in a filter holder. The RTD curve was obtained by measuring the
conductivity of the collected samples. An analytical model , the PFR-2CSTR model, was employed to
predict the outlet concentration from the system. The slope and peak of the RTD curves were well-
aligned with the experimental findings when τPFR = 4.3 min, τCSTR1 = 4.1 min, and τCSTR2 = 1.0 min.
CFD simulations were performed to describe the flow and transport of the inert tracers through
the static mixer and the membrane filter. The RTD curve spanned more than 30 min, much longer
than tspike, since solutes were dispersed within processing units. The flow characteristics in each
processing unit correlated with the RTD curves. Our detailed analysis of the transient inline spiking
system would be helpful for implementing this protocol in continuous bioprocessing.

Keywords: continuous bioprocessing; inline spiking; transport phenomena; computational fluid
dynamics; viral clearance

1. Introduction

In response to the coronavirus disease 2019 (COVID-19) pandemic, biopharmaceutical
industries are being urged to transform from traditional batch processing into continuous
processing for rapid and robust production of biopharmaceuticals. In continuous biopro-
cessing, streams of raw materials are continuously fed and processed without the use of
intermediate holding tanks. This decreases processing time, minimizes manufacturing
costs, reduces facility footprints, and enhances product quality and affordability [1–4].
Although tremendous efforts have been made to develop technological solutions for con-
tinuous bioprocessing, its implementation has been significantly delayed, especially in
downstream bioprocessing, as the validity and feasibility of a given technology have to be
demonstrated prior to commercial operation [4]. To realize the continuous manufacturing
of biopharmaceuticals, further fundamental development in the downstream processing
technology is essential [5].

Virus filtration is an essential step in the downstream bioprocessing, where virus
particles are removed by size exclusion either by the membrane surface or by the internal
pore [6]. Virus filters are typically located at several processing points to ensure viral safety
within the process stream. They are considered robust and reliable units in operation for
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virus removal as their performance is less influenced by the physicochemical properties of
the virus types [7]. A virus spiking procedure is widely used to evaluate the performance
of a virus filter, where a given amount of virus solution is spiked, and its concentration
is assayed to calculate the total viral clearance [7,8]. For its application in continuous
downstream processing, an inline spiking method, where the virus spike is challenged
at the location of interest (e.g., upstream of the virus filter, has been utilized in previous
studies [6,9]. Bohonak et al. investigated the viral clearance of virus filtration step using
both decoupled and inline spiking methods [6]. Malakian and Jung et al. demonstrated
a transient inline spiking system and demonstrated its robustness upon multiple virus
challenges [9]. These studies identified the usefulness of the inline spiking method; however,
the spike characteristics have not yet been systematically studied.

Computational fluid dynamics (CFD) simulations are useful to understand hydrody-
namics and mass transfer in the unit operation of chemical and biological processes. In the
field of downstream processing, several CFD studies have been performed. David et al.
performed a series of CFD simulations of a continuous low pH viral inactivation using
a coiled flow inverter to determine the pH level distribution for optimizing the chemical
dose [10,11]. Ghosh et al. developed a CFD model to investigate the flow characteristics
and protein breakthrough performance in membrane chromatography capsules [12,13].
Jung et al. carried out CFD simulations to represent the breakthrough of ribonuclease A
and α-chymotrypsin in a small-scale depth filter module by considering their binding to
the filter medium [14]. Similarly to these examples, CFD simulation would be helpful by
providing beneficial knowledge on the transient inline spiking system.

In this study, we attempt to characterize the residence time distribution (RTD) curve
obtained from a transient inline spiking system by performing modeling, experiments, and
simulations. We used a salt spike to focus on the mixing and spreading of the solute within
the processing units without any retention issues. A lab-scale transient spiking system was
constructed, where a salt spike was injected using a syringe pump. It was mixed with the
feed stream through an inline static mixer. It then passed through a single-layered nylon
membrane placed in a 25 mm filter holder. The spiking duration (tspike) was varied from
1 to 40 min to determine its effect on the shape of the RTD curve. The RTD curve was
obtained by measuring the electrical conductivity of the collected samples. A mathematical
model, a PFR-2CSTR model, was developed from the mass balance of the spiked solute,
postulating the process stream as a combination of a plug flow reactor (PFR) and two
continuous stirred-tank reactors (CSTR). To deepen our understanding of the RTD from
the transient inline spiking system, CFD simulations were performed in the processing
units, namely the static mixer and the filter holder. Flow characteristics and the progress of
mixing were analyzed in the static mixer domain to check whether the salt spike is well
mixed into the feed stream. The transport of spiked solute under the steady-state flow field
within the filter holder was analyzed. The RTD curves obtained from the CFD simulation
were compared with those from the experiments and the PFR-2CSTR models.

2. Experimental
2.1. Transient Inline Spiking System

Figure 1 is a schematic representation of the transient inline spiking system. Deionized
water in the reservoir was pumped into the system at a constant flow rate of 0.41 mL/min
via a peristaltic pump (Masterflex, Gelsenkirchen, Germany). The electrical conductivity
of the deionized water was measured at 0.49 ± 0.06 µS/cm using a benchtop conductivity
meter (CON700, Eutech Instruments, Singapore). Sodium chloride (NaCl > 99.5 purity,
Sigma-Aldrich, St. Louis, MO, USA) was purchased, from which a 1 M NaCl aqueous
solution was prepared as the spiking solution. A few milliliters of the spiking solution
were loaded into the syringe. A rubber-capped tee was placed behind the peristaltic pump.
The spiking solution was discharged at the center region of the flow stream by stabbing the
syringe needle into the bottom of the tee. The spiking solution in the syringe was spiked
at a 1/10 of feed flow rate, 0.041 mL/min using a syringe pump (Chemyx, Stafford, TX,
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USA) for a specific spiking duration (1, 5, and 40 min). A static mixer (Part 3/16-12P, Koflo
Corp., Cary, IL, USA) was placed after the tee to completely mix the spiking solution with
the feed solution. It has a diameter of 4.76 mm, a length of 60.325 mm, and a thickness of
1.0 mm and is composed of 12 mixing elements. The mixed solution was filtered through
a nylon membrane (GVS S.p.A., Zona Industriale, Italy) of 5 µm pore size, located in a
25 mm polypropylene filter holder (Advantec, Tokyo, Japan). A nylon membrane that
would not retain the NaCl solute was selected since we are focusing on the RTD of the
non-interacting solute in the filtration system in this study. A stabilized pressure drop
(∼1380 Pa) was observed, indicating no air bubbles were trapped within the process stream.
The effluent was collected every 2 min. A sufficient volume of each sample was obtained
to ensure a reliable concentration value was measured. A flow pulsation of a few seconds
was provided by the peristaltic pump, which is negligible because it is much shorter than
the time for sample collection.

Figure 1. Schematic of the inline spiking system. The syringe needle penetrates the bottom of the tee
to directly discharge the salt spike at the center of the feed stream. The circled numbers indicate the
processing point to measure the holdup time.

Table 1 summarizes the holdup time measurement in each interval. The whole pro-
cessing stream was first emptied, and the time taken for the flow at a constant flow rate of
0.41 mL/min to pass through each processing point was measured. The longest holdup
time was measured in the static mixer (=2.18 ± 0.29 min). The largest standard deviation in
the holdup time measurement was found in the filter holder (=1.05 ± 0.57 min). The other
intervals, corresponding to the tubing region, showed a relatively small standard deviation
in the holdup time. We will discuss these holdup time measurements with the choice of the
space time used in our PFR-2CSTR model.

Table 1. Holdup time measurement.

No. Interval Holdup Time [min] Description

1 1©– 2© 0.98 ± 0.02 Tubing (spiking station → static mixer)
2 2©– 3© 2.18 ± 0.29 Static mixer
3 3©– 4© 0.98 ± 0.07 Tubing (static mixer → filter holder)
4 4©– 5© 1.05 ± 0.57 Filter holder
5 5©– 6© 0.34 ± 0.01 Tubing (filter holder → collection tube)

2.2. Concentration Easurement

We collected ∼0.8 mL of the sample every two minutes, corresponding to several
drops of the effluent. The weight of collected solutions was calculated as the difference
between empty tubes and collection tubes after the experiment. Solution conductivity
was averaged by triplicating measurements with each solution diluted to 25 mL to be
able to locate the probe of the conductivity meter. The concentration of the solution was
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determined from the concentration–conductivity calibration curve of the NaCl solution.
Each concentration of the solution was divided by the concentration when the spiked
solute was completely mixed. In this study, since the spiking solution was spiked at 1/10
of the feed flow rate, the concentration at the completely mixed state was γcspike, where
cspike = concentration of the spiking solution and γ = spiking ratio = 0.1/1.1.

3. Modeling and Simulation
3.1. Modeling

We assumed that the experimental system could be postulated as a combination of
one PFR and two CSTRs. From the initiation of the spike, the inlet concentration of the
solute fed into the reactor, cin, was described in the rectangular form as below:

cin =

{
γcspike 0 ≤ t ≤ tspike

0 t > tspike ,
(1)

where t is time, and tspike is the spiking duration in the experiment. A process stream with
a time lag in the tubing and some portion of processing units could be described by a PFR:

c0 = cin H(t− τPFR), (2)

where c0 is the salt concentration flowing out of PFR, H(x) is the Heaviside step function
(H(x) = 1 when x > 0 and H(x) = 0 when x ≤ 0), τPFR is the space time of PFR
(τPFR = VPFR/v), and v is flow velocity. On the other hand, the spreading and mixing of
solute occurring in the static mixer, filter holder, and tubing were lumped together as two
CSTRs in our model:

c0 − c1 = τ1
dc1

dt
, (3)

c1 − c2 = τ2
dc2

dt
, (4)

where τ1 = V1/ν and τ2 = V2/ν are the space time of each CSTR, c1 and c2 are the salt
concentration in each reactor, and V1 and V2 are the volume of each reactor. The model
equation for the outlet concentration (cout) from the PFR-2CSTR system was evaluated by
combining Equations (1)–(4):

cout = cin[(1 +
τ1

τ2−τ1
e−

t
τ1 − (1 + τ1

τ2−τ1
)e−

t
τ2 )H(t− τPFR)

−(1 + τ1
τ2−τ1

e−
t−tspike

τ1 − (1 + τ1
τ2−τ1

)e−
t−tspike

τ2 )H(t− τPFR − tspike)].
(5)

3.2. CFD Simulation

Although the outlet concentration (cout) could be modeled by Equation (5), the spa-
tiotemporal distribution of inert tracers within the processing units (i.e., static mixer and
filter holder) cannot be obtained from the model. To deepen our understanding of the RTD
of inert tracers, a series of CFD simulations were performed. While it would be ideal to
perform simulations describing the whole processing stream, our computational resources
were limited. Therefore, we decided to perform CFD simulations in the static mixer and
filter holder separately, since the remaining tubing regions would act as PFRs.

We constructed two separate simulations in the static mixer domain and the filter
holder domain. Figure 2a depicts the static mixer used in the experimental system. The
periodic unit of the static mixer is shown in Figure 2b, where a mixing element is orthogo-
nally connected to the other mixing element. The dimensions are obtained by measuring
the static mixer used in the experiment. CFD simulation in the static mixer channel was
performed to check whether the spiked species would be mixed into the process stream.
Figure 2c is the 3D simulation domain with six periodic units of the static mixer and two
buffer regions. The number of periodic units is the same as that used in the experiment.
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Two buffer regions are inserted at the inlet and the outlet of the mixer channel to avoid any
unwanted numerical artifacts if the flow is directly influenced by the mixing element near
the inlet and the outlet. Figure 2d shows the filter holder used in the experiment. Figure 2e
describes the 2D axisymmetric simulation domain of the filter holder, composed of the
upstream, downstream, and membrane regions. In the upstream region, fluid is fed inside
the filter holder, while in the downstream region, fluid passes through the outlet via the
membrane. Table 2 summarizes the parameters used in the simulations.

Figure 2. Processing units used in the transient inline spiking system and simulation domains for
CFD simulation: (a) the geometry of the static mixer, (b) the periodic unit of the static mixer, and
(c) the static mixer (SM) simulation domain in three dimensions composed of six periodic units of
the static mixer and two buffer regions at the inlet and outlet. (d) The geometry of the filter holder,
and (e) the filter holder (FH) in two dimensions with axisymmetry. A red single dash-dotted line in
the simulation domain of the filter holder represents the axis of rotation.

Table 2. Simulation parameters.

Static Mixer (SM) Domain

Symbol Value Unit Description

ūin,SM 3.8× 10−4 m/s Average inlet velocity into the static mixer
DSM 4.76 mm Diameter of the static mixer

Ds,SM 0.337 mm Diameter of the syringe needle
Lp,SM 10.06 mm Length of the periodic unit of the static mixer
hSM 1.00 mm Thickness of the static mixer

Filter Holder (FH) domain

Symbol Value Unit Description

ūin,FH 4.3× 10−4 m/s Average inlet velocity into the filter holder
Di,FH 4.3 mm Diameter of the inlet of the filter holder
Do,FH 2.3 mm Diameter of the outlet of the filter holder

Dm 24 mm Diameter of the membrane
∆Pm 1380 Pa Transmembrane pressure (TMP)
hm 140 µm Membrane thickness
κ 1.27× 10−15 m2 Membrane permeability
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The velocity field within the static mixer (or filter holder) was evaluated by solving
the steady-state Navier–Stokes equation and the continuity equation for an incompressible
fluid in laminar flow regime as below :

ρ(u ·Ou) = −Op + µO2u, (6)

O · u = 0, (7)

where ρ is the fluid density, u is the fluid velocity vector, µ is the fluid viscosity, and p is the
pressure. Here, ρ and µ are known to be a function of the salt concentration [15,16]. As the
salt concentration is varied from 0 to 1 M, the Reynolds number (Re) in the static mixer
domain, defined as Re = ρuD/µ where D is the diameter of the circular inlet, changes
from 1.84 to 1.90. Similarly, in the filter holder domain, Re changes from 1.89 to 1.94. The
flow field in each processing unit would not be significantly changed by this difference in
Re. Hence, the density and viscosity of the working fluid are assumed to be constant as
ρ = 997.5 kg/m3 and µ = 0.898 mPa·s at the values of 0.1 M salt concentration at 25 ◦C (see
Figure S1 in Supporting Information). Readers may refer to previous numerical studies on
laminar mixing in static mixers [17–20].

In the membrane region of the filter holder domain, the governing equation of Darcy’s
law was solved as described below:

O · (ρu) = Qm, (8)

u = − κ

µ
Op, (9)

where Qm is the mass flux of fluid through the membrane, and κ is permeability. In the
experiment, some regions of the membrane were compressed when the filter holder was
screwed together. However, we neglected the compression of the membrane because the
RTD of tracers would be much more dependent on their spreading and mixing inside the
processing units compared to their transport within the membrane.

Boundary conditions for the flow were as follows. For each processing unit (i.e.,
the static mixer or the filter holder), a fully developed flow field in the circular channel
(u(z) = 2ūin

(
1−

(
4
(

x2 + y2)/D2)), u(x) = u(y) = 0, where ūin is the average inlet veloc-
ity and D is the diameter of the processing unit) was assumed at the inlet. At the outlet,
a constant pressure boundary condition (p = 0) was assigned. No-slip boundary condition
(u = 0) was applied to the remaining solid boundaries.

After the flow field was obtained in each processing unit, the mass transfer of the
solute inside the static mixer (or filter holder) over time was evaluated by solving the
transient mass transfer equation as below:

∂c
∂t

+O · J + u ·Oc = 0, (10)

J = −DOc, (11)

where c is salt concentration, J is the mole flux of salt, D is diffusion coefficient
(=1.68 × 10−9 m/s2, an average of the diffusion coefficients of Na+ and Cl− [21]). As the
solute was treated as an inert tracer, a reaction term was not considered in this equation.

Boundary conditions for the mass transfer of the solute were assigned as follows: At
the inlet of the static mixer channel, a circular region corresponding to the needle tip of the
syringe with a diameter of Ds,SM = 0.337 mm was located. The inlet concentration at the
needle tip was set to cin,SM = cspike = 1 M, where a concentrated solute was introduced
into the static mixer channel. At the remaining boundaries of the static mixer, including the
outlet, the diffusive mass flux was assigned as 0 (n ·DOc = 0), a typical boundary condition
for them. In the filter holder domain, we assumed that the solute at the completely mixed
state was introduced at the inlet. This would be checked by performing the CFD simulation
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in the static mixer domain. With this assumption, the concentration at the inlet of the filter
holder was assigned as cin,FH = γcspike during a spike (t0 ≤ t ≤ t0 + tspike, where t0 is
the time when the completely mixed stream of the feed solution reached the inlet port of
the filter holder) and then changed to c = 0 after a spike (t > t0 + tspike). The boundary
condition, n · DOc = 0 was imposed at the outlet and the solid boundaries of the filter
holder.

The commercial CFD software program COMSOL Multiphysics 5.4 (COMSOL, Inc.,
Burlington, MA, USA), based on the finite element method (FEM), was used in this study.
Equations (6) and (7) were solved to determine the steady-state flow field in the static
mixer domain, while Equations (6)–(9) were solved in a coupled manner to determine
the steady-state flow field in the filter holder domain. When the steady-state velocity
profile was obtained, transient simulation was conducted by solving Equations (10) and
(11) to determine the spatiotemporal distribution of the solute in the simulation domain.
Figure 3 shows the mesh convergence test conducted both in the static mixer and filter
holder domains. In the 3D static mixer domain, 5,405,839 computational elements were
used with an average element quality of 0.67. Most of the elements were tetrahedra
(=4,920,623), while some were prisms (=475,020) and pyramids (=10,196), as the boundary
layer elements were placed near the channel wall. In the 2D axisymmetric filter holder
domain, 675,470 computational elements were used to perform the simulation with an
average element quality of 0.90. Most of the elements were triangles (=663,114), while some
quadratic elements (=12,356) were used to place boundary layers near the solid boundaries.
A linear scheme (P1/P1) was used both for the discretization of fluid velocity and pressure,
which is the default discretization scheme of the software for the flow simulation under
a laminar regime. An iterative solver used for a large sparse linear system, GMRES
(Generalized Minimal RESidual method), was used for the simulation performed in the
static mixer domain, while a parallel sparse direct solver, MUMPS (MUltifrontal Massively
Parallel Sparse direct Solver), was used for the simulation in the filter holder domain. The
solution was considered to be converged when the relative tolerance became less than
1× 10−5. A workstation was used for the simulation in the 3D static mixer domain (Intel(R)
Xeon(R) CPU E5–2687 (3.1 GHz), 512 GB memory), and a high-performance computer
(11th Gen Intel(R) Core(TM), CPU i5-11600K (3.91 GHz), 64 GB memory) was used for the
simulation in the 2D axisymmetric filter holder domain.

Figure 3. Mesh convergence test results for the CFD simulations of (a) the static mixer and (b) the
filter holder.
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4. Results and Discussion
4.1. RTD Curve

Figure 4 shows the dimensionless salt concentration (cout/(γcspike)) at the outlet from
three repeated runs of inline spiking experiments when tspike = 1 min. Each experiment
showed well-reproduced RTD curves overlapping each other. While salt is spiked for 1 min,
its elution started to be detected at around 3 min from the beginning of the experiment,
indicating the time needed for the salt to pass through the process stream. Compared to
tspike, the RTD curve spanned a long time (∼30 min), as the solute was dispersed within
operating units (i.e., static mixer, filter holder, and tubing). This significant band broadening
is generally not desirable since it takes a longer time to obtain an RTD curve and to evaluate
the performance of the filter. The RTD curve sharply increased from 4 to 8 min, then
gradually decreased, and finally diminished at around 24 min. The solid curve is the
prediction of the PFR-2CSTR model. We manually changed the values of the space time of
each reactor (τPFR, τCSTR1, and τCSTR2) and found a good agreement when τPFR = 4.3 min,
τCSTR1 = 4.1 min, and τCSTR2 = 1.0 min. It would be helpful to discuss the space time with
the measured holdup time in Table 1. The total holdup time through the tubing, considered
to behave as a PFR, was 2.30± 0.10 min, smaller than τPFR. It is inferred that a fractional
volume of the static mixer and the filter holder worked as additional PFR for the fluid.
On the other hand, the total holdup time through the static mixer and the filter holder
was measured as 3.23± 0.86 min, smaller than τCSTR1 and larger than τCSTR2. From this
analysis, a tubing is found not to behave as an ideal PFR. Some fraction of tubing would be
added as an additional volume of the CSTRs in the PFR-2CSTR model.

Figure 4. RTD curve from three repeated runs of the salt spiking experiments. The feed flow rate was
0.41 mL/min, and the spiking duration was 1 min at a flow rate of 0.041 mL/min.

As depicted in Figure 5, tspike was varied from 1 to 40 min to determine its effect on the
RTD curves. As tspike increased to 5 min, the peak height increased to cout/(γcspike) ∼ 0.6,
and its location shifted to ∼10 min. The area under the RTD curve also increased, meaning
more salt was spiked into the stream. When tspike = 40 min, the RTD curve sharply increased
for ∼20 min then reached a plateau region, where its maximum value (cout/(γcspike) ∼ 0.97)
was found. While the salt spiking was maintained, the stream was completely mixed with
the spiking solution, yielding a plateau of the RTD curve at the maximum value. When
the salt spiking ceased, however, the salt concentration at the outlet started to decrease as
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the solute present in the process stream was emptied by the feed stream. It took more than
20 min for the solute to be removed from the processing units.

The prediction of the PFR-2CSTR model was in excellent accordance with the RTD
curves obtained at all tspike investigated in the experiment, while the space time (τPFR,
τCSTR1, and τCSTR2) remained unchanged. Before their peaks, RTD curves evaluated at
different tspike overlapped each other at the initial rise in the salt concentration. When
tspike = 1 and 5 min, the RTD curves dramatically decreased as the net outflow of the solute
from the system was found. When tspike = 40 min, however, a plateau region developed,
and cout/(γcspike) approached 1. This is because the spiking was maintained as tspike
reached its maximum value. When tspike = 40 min, cout/(γcspike) reached 1 in the model;
however, it just reached ∼0.97 in the experiment. In the experiment, spiked salts would not
be fully recovered at the outlet because a small fraction of solute would remain in dead
space within the process stream or be absorbed in an unknown spot.

Figure 5. Effect of spiking duration on the RTD curves when the feed flow rate is 0.41 mL/min.

4.2. Static Mixer

We performed a CFD simulation in the static mixer domain to check whether the
spiked solute from the tip of the syringe needle would be sufficiently mixed into the feed
stream by the static mixer. Figure 6 represents the streamlines whose starting points are
located at the tip of the syringe needle. The number of starting points was 1000. Streamlines
started from the center of the channel, and they followed similar paths in the first and
second mixing periods. However, their endpoints became dispersed at the outlet by the
presence of the static mixer. Our static mixer is a Kenics mixer, where chaotic advection
would be generated for a laminar flow regime [19,20,22,23]. The number of mixing periods
was found to be sufficient to distribute the streamlines initially starting from the narrow
region. This means that the spiked solute would be satisfactorily mixed with the processing
stream.
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Figure 6. Streamlines evaluated from the center of the inlet where the salt spike was discharged
through the syringe needle. The color of the streamline represents the velocity magnitude divided by
ūin,SM.

Figure 7a is the concentration distribution (Cn) at the cross-section of the n-th mixing
period. It was obtained by the solution of Equation (10) at the steady state (∂/∂t = 0),
corresponding to the case when the concentration at the tip of the syringe needle was
kept constant at 1 M. At C0, the concentration at the central region was 1 M, where the
tip of the syringe needle was assumed to be placed. From C1/6 to C1/2, the stream was
divided by the twisted plate and the flow in each stream rotated clockwise. From C4/6 to
C1, on the other hand, the stream was divided by another twisted plate and the flow in
each stream rotated counter-clockwise. Stretching and folding of the fluid were induced
through this process, and chaotic advection was triggered. As the number of mixing
periods increased to 6, the resulting concentration distribution at the cross-section became
more homogeneous (see C f in). In the experiment, six mixing periods were used, which
is sufficient for mixing the spiked solute into the feed stream, as found in the simulation
results. Figure 7b is the RTD curve of the solute obtained from the transient solution of
Equation (10) (Here, ∂/∂t 6= 0). Solute started to come at ∼1.5 min, and the average outlet
concentration gradually increased to reach its maximum value at ∼5 min. It is inferred
that the static mixer fractionally works as a PFR, providing a time lag for the solute to be
detected at the outlet. Spreading of the solute was also found, as witnessed by the time
delay of ∼3.5 min for the average outlet concentration to reach its maximum value.

Figure 7. Concentration distribution in the static mixer. (a) Concentration distribution (Cn) at the
cross-section of the n-th mixing period. When c ≥ 20 mM, the color of the contour is represented in
red because the maximum concentration is much larger than the concentration at the mixed state.
(b) The RTD curve in the static mixer when the concentration at the tip of the syringe needle is kept
constant at 1 M.

4.3. Filter Holder

From the simulation conducted in the static mixer domain, we could find that the
spiked solute would be well mixed into the processing stream and then provided to the
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filter holder. From this finding, we could confirm that the assumption for the boundary
condition at the inlet of the filter holder, cin = γcspike, is reasonable. Hence, we could
move on to the CFD simulation in the filter holder domain. Figure 8a is the pressure field
developed within the filter holder calculated from the CFD simulation performed in the
filter holder domain. Upstream of the filter holder, the pressure value was 1380 Pa, identical
to the pressure value in the experiment. The pressure level gradually decreased along the
depth of the membrane, as the instantaneous discharge was related to the pressure drop in
that distance in Darcy’s law. Pressure in the downstream region was almost zero because
the pressure at the outlet was set to zero and the pressure drop in the open channel (i.e.,
downstream region) was negligible. Figure 8b represents the magnitude of the fluid velocity
divided by the inlet velocity into the filter holder. At the inlet port, the fluid velocity was
higher near the axis of rotation, because a parabolic flow field, the fully developed laminar
flow in a circular channel, was provided. As the flow reached the membrane region, it was
spread in the radial direction. It took time for the flow to pass through the membrane with
a significant pressure drop. At the outlet port, the the fluid velocity became higher again
near the axis of rotation, as a parabolic flow field developed in this region. The velocity
magnitude was higher at the outlet port than at the inlet port because the outlet port has a
smaller diameter than the inlet port. Figure 8c represents the results from particle tracing
analysis performed to visualize the transport of passive tracers by the flow field in the filter
holder. The trajectories of the passive tracer were described by the momentum balance
equation of massless particles.

dq
dt

= u, (12)

where q is the displacement vector. A tracing particle was presumed to be chargeless
and passively transported by the flow. The trajectories were determined with a total of
20,000 particles located at the inlet of the filter holder. Each snapshot was taken at the
time represented after the completely mixed stream of the feed solution reached the inlet
port of the filter holder (=t− t0), where t0 is the time when the completely mixed stream
of the feed solution reaches the inlet port of the filter holder. At t− t0 = 10 s, particles
were aligned on a parabolic curve, where particles located near the axis of rotation move
faster than those located near the solid wall of the inlet port. At t− t0 = 50 s, particles were
radially transported near the membrane in the upstream region while it took a considerable
time to pass through the membrane because of the flow resistance by the membrane.
When t− t0 = 100 s, particles having passed through the central region of the membrane
approached the outlet much quicker than those having passed through the outer region of
the membrane. It took a much longer time for particles moving near the solid boundary
of the filter holder to reach the outlet, as shown in the snapshots at 600 and 1500 s. From
the particle tracing, significant retardation of the solute transport was expected for a solute
moving near the solid boundary of the filter holder. It would take a much longer time if the
tracers could bind within the process units such as the tubing, surface of the static mixer,
and membrane pores.

Figure 9 represents the evolution of solute transport in the filter holder. As discussed
in the particle tracing analysis, solute near the axis of rotation approached the membrane
much faster than that near the solid boundary of the inlet port. When tspike = 1 min, the
spiking ceased at t− t0 = 60 s while the solute at the central region just passed through
the membrane. After the spiking ceased, the concentration of the feed solution became 0,
while the spiked solute was being pushed to the outlet. Having passed the outer region
of the membrane, it took much longer time for the solute to reach the outlet compared
with that passing through the central region of the membrane. As time progressed, the
concentration at the central region became lower, and the spiked solution at the outer
region was eluted. Similar elution behavior was found as tspike increased to 5 and 40 min.
When tspike = 5 min, the solute was eluted even before the end of spiking (see the snapshot
when t− t0 = 200 s), while when the spike ceased at t− t0 = 300 s, the concentration at the
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outlet became almost saturated. When tspike = 40 min, the whole volume of the filter holder
became fully saturated before the end of spiking. It means that cout/(γcspike) would remain
saturated when the filter holder was saturated by the solute. After the spike ceased, the
remaining salt started to be eluted as the pure feed solution was injected into the system.
From this analysis, it can be drawn that a long tspike is required for the solute to be fully
saturated within a processing unit. This means that the holdup volume of the processing
unit should be minimized to reduce the band broadening when applying the inline spiking
system to actual continuous processing.

Figure 8. (a) Pressure field within the filter holder, (b) velocity magnitude in the filter holder, and
(c) trajectory of passive tracers under the flow that develops within the filter holder, where t0 is the
time when the completely mixed stream of the feed solution reaches the inlet port of the filter holder.

Figure 10 summarizes the RTD curves obtained from the experiments, the PFR-2CSTR
model, and the CFD simulations. The RTD curve from the CFD simulation was prepared by
evaluating the average salt concentration at the outlet with time. When t0 was set to 2.7 min,
the RTD curve from the CFD simulation aligned with the RTD curves obtained from both
the experiment and the PFR-2CSTR model. The reason why t0 (=2.7 min) had to be shorter
than τPFR (=4.3 min) to obtain the well-matched RTD curves is unclear. When tspike = 1 min,
however, the CFD prediction at the peak concentration slightly deviated from the prediction
of the PFR-2CSTR model. As shown in Figure 9, solute was not completely mixed within
the filter holder. This incomplete mixing became distinct at a short spiking duration. As
tspike increased, the peak concentration was less sensitive to the mixing in the holder as the
outlet concentration was saturated to its maximum value, cout/(γcspike). It was inferred
that the spiking duration should be long enough to understand the flow system and to be
less sensitive to the solute mixing within the filter holder.
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Figure 9. Evolution of solute concentration within the filter holder at varying spiking duration. Blue
boxes represent the time duration before the end of each spike.

Figure 10. The RTD curves from the CFD simulation compared to those from the experiments and
the PFR-2CSTR model.

We conducted an additional run of the CFD simulation for a virus filtration membrane.
From our previous study [9], the transmembrane pressure through the Viresolve(R) Pro
virus filtration membrane (Merck, Rahway, NJ, USA) was∼1380 Pa. The flow characteristics
and RTD curves from the filter holder equipped with either the nylon membrane or the



Membranes 2023, 13, 375 14 of 15

virus filtration membrane were depicted in Figure S2 in Supporting Information. Although
the pressure drops through each membrane were different, the flow field in each filter
holder was almost identical. This means that our current study of the inline spiking system
with the nylon membrane is representative of the system with the virus filtration membrane,
even though they have different pore size distributions.

5. Conclusions

In this study, the RTD of non-interacting tracers in a transient inline spiking system was
studied by modeling, experiments, and simulations. A lab-scale inline spiking experiment
was performed with the use of a static mixer and a filter holder, where a single-layered
nylon membrane was inserted. NaCl solution at 1 M was spiked into the processing
stream through a syringe needle, and the RTD curve of the spiked solute was obtained
by measuring the electrical conductivity of the collected samples. As tspike was varied
from 1 to 40 min, the PFR-2CSTR model provided a fair prediction of the RTD curves.
The slope and peak of the RTD curves were well represented for a fixed set of space time
values (τPFR = 4.3 min, τCSTR1 = 4.1 min, and τCSTR2 = 1.0 min). They were correlated
and discussed with the measured holdup time in each processing unit. A series of CFD
simulations were performed to visualize the solute transport in the static mixer domain and
in the filter holder domain to understand the RTD curves at varying tspike. From the CFD
simulation results performed in the static mixer domain, the number of mixing periods
used in the experiment was found to be sufficient for mixing the spiked solute into the
processing stream. The RTD curves calculated from the CFD simulations performed in
the filter holder domain were in good agreement with the experimental findings and the
model prediction. Solute having passed the central region of the membrane was more
quickly eluted than that which passed the outer region of the membrane. Although there
were slight deviations in the CFD simulation and the PFR-2CSTR model, our study helps
to understand the breakthrough behavior in the transient inline spiking system. Significant
band broadening (∼30 min) was observed from the holdup volume of processing units,
requiring a much longer time than the spiking duration to obtain the RTD curve. From
this end, one may consider avoiding band broadening when introducing a transient inline
spiking method in actual continuous processing.
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