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ABSTRACT

Mixing is one of the most frequently used processes in microfluidic devices and Lab-on-a-Chip applications, therefore
subtantial flow field investigation efforts are spent to achieve high performance micromixers. In this work, we revisit
a magnetic micromixer experiment reported by Ergin et al. (2013) and Ergin et al. (2019), where velocity, concentration
and interface investigations had been carried out. The magnetic micromixer exploits a phenomenon called magnetic
microconvection, which appears on an interface of miscible magnetic and nonmagnetic fluids. Initial qualitative con-
centration measurements reported in Ergin et al. (2013) was improved by Ergin et al. (2019), both in terms of accuracy
and resolution. The improvements in the experimental setup, improved microfluidic channel geometry, more accurate
syringe pumps and inclusion of a concentration calibration step resulted in an accurate, time resolved and quantitative
description of the concentration information for magnetic microconvection. In the current work we perform a modal
analysis of the concentration field using Proper Orthogonal Decomposition (POD). The modal information provides
crucial details about the mixing process at the interface for the magnetic microconvection phenomenon, giving a way

to characterize and improve such mixers.

1. Introduction

Microfluidics technologies and lab-on-a-chip devices are gradually being introduced in the mar-
ket, but mixing in diffusion limited laminar flows remains an important challenge. A lot of effort
has been invested to investigate processes and systems that improve mixing. Use of magnetic ma-
terials is particularly attractive, as they can be actuated from distance. (Chen & Zhang (2017)).
Here we revisit a magnetic micromixer experiment, which exploits a phenomenon called magnetic
microconvection. (Ergin et al. (2013, 2019); Kitenbergs, Erglis, et al. (2015)). Briefly, the magnetic
micromixer works on the interface of miscible magnetic and nonmagnetic fluids in a thin layer.
When the magnetic field is applied, the magnetic microconvection instability appears on the in-
terface and a particular finger like pattern is formed. Compared to other mixers, a lot of work
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has been done on explaining the phenomenon and formulating a theoretical model. (Kitenbergs,
Tatulcenkovs, et al. (2015)). In addition, it has been investigated also in other geometries, such as
in radial (Li et al. (2018)) and sessile droplets. (Lee et al. (2018)).

Quantitative characterization of mixing flows at an interface requires a detailed comparison and
analysis of velocity, concentration and interface information. This requires the accurate measure-
ment of each using techniques such as Particle image velocimetry (PIV) (Ergin et al. (2018)), light
absorbtion and Phase boundary detection (PBD) (Ergin et al. (2020)) techniques, respectively. Ini-
tial velocity, concentration and interface measurements were reported in Ergin et al. (2013), where
the velocity information was obtained using MicroPIV and Least Squares Matching (LSM). Proof-
of-concept concentration measurements were made assuming a linear change in absorption with
concentration. Finally, qualitative, preliminary interface front measurements were made using a
series of image processing functions including the Prewitt edge detection filter. Later the experi-
ment and analysis were improved on several points in Ergin et al. (2019), both in terms of accuracy
and resolution. First improvement was about better control of the gravitational forces on the setup:
During a magnetic microconvection investigation, it was noticed that even the tiny channel thick-
ness is sufficient for gravity induced convection (Kitenbergs et al. (2018)), where denser magnetic
fluid wants to slide below the less dense water. To eliminate the unwanted convection, we decided
to position the sample vertically, placing denser magnetic fluid below the less dense water. In or-
der to achieve this, the entire microscope and corresponding microPIV system was laid sideways
on the table. Although this did not look pretty, it succeeded in diminishing the unwanted gravity
effects (see Fig. 1).
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Figure 1. An image of the experimental setup, which is based on Dantec Dynamics MicroPlIV system that is
complemented by a magnetic coil and microfluidics system.

The second improvement in Ergin et al. (2019) was the inclusion of two syringe pumps: The mag-
netic and non-magnetic fluids were introduced and extracted by two syringe pumps, which are
synchronized by an Arduino control. This allows to start and stop flow in a highly controlled
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manner. The third improvement was the inclusion of a concentration calibration procedure (see
Fig.2), which produced a quantitative concentration information. The 90°-rotation of the experi-
mental setup eliminated the magnetic fluid slip under water, which allowed to study microflows
in a more true 2D environment. In addition, the advanced fluid control allows to form a flat inter-
face. These improvements make the experiment much closer to theoretical model and simulations
(Kitenbergs, Tatulcenkovs, et al. (2015)) and allow a better comparison between them. Alterna-
tively the gravitational influence can be eliminated by using notably thinner channels (Kitenbergs
& Cebers (2020)) - this allows to use flat cells, but reduces the microconvection effect and our ability
to study it.
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Figure 2. Magnetic fluid concentration calibration. (a) sample images for various magnetic fluid concentrations. (b)
Average intensity dependence on magnetic fluid concentration for two different microstrobe pulse lengths, ¢,,. (c)
Comparison between real magnetic fluid concentrations and values expected from Beer-Lambert law. In (b) and (c)
Red crosses correspond to ¢, = 750 us, while blue circles to ¢, = 500 us. Black line in (c) indicates a linear change in
absorption with concentrations, assumed in earlier publications.

2. Experiment Setup

Experiments were performed using an experimental setup based on a MicroPIV system man-
ufactured by Dantec Dynamics. MicroPIV system consists of a HiPerformance inverted fluo-
rescense microscope (based on Leica DMIL), double-frame PIV camera HiSense MKII, green LED
Microstrobe pulsed illumination, 80N77 timer box and a computer equipped with DynamicStudio
software v6.2. It is complemented by a custom magnetic coil that is powered by a power supply
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(TENMA) and can create homogeneous magnetic fields ranging from 0 to 10 mT. To enable mi-
croflows, a microfluidics channel, tubing and microfluidic syringe pumps (Harvard Apparatus,
KD Scientific) are used. The microfluidics channel is made in a simple but robust manner. We use
a Parafilm®M spacer, in which channels are cut by a paper knife. Then this spacer is sandwiched
between two microscope glass slides and heated on a hotplate until it makes a sealed channel. Sy-
ringe tips are glued in the drilled holes of the top glass slide and work as tubing connectors. For
the magnetic fluid we used maghemite nanoparticle colloid (made in PHENIX lab, Paris, France)
with a volume fraction ¢ = 2.8%, nanoparticle average diameter d = 7.0 nm, saturation magneti-
zation M, = 8.4 G and magnetic susceptibility x,, = 0.016, as determined by a vibrating sample
magnetometer (Lake Shore 7404). The miscible nonmagnetic fluid was deionized water. In order to
visualize the flow, we add ® = 0.1% plastic tracer particles with the average diameter d = 1.0 um
(Invitrogen). The microstrobe illumination is placed on the opposite side of the microfluidics cell,
providing bright field microscopy conditions. Hence, tracer particles provide contrast, but no flu-
orescent signal.

The experiment procedure consists of the following steps: First, both fluids are introduced in chip
with the same speed 50 pl/min, forming a sharp and moving interface. At the same time fluids
are extracted from the outlet at a double speed 100 pl/min. Then the flows are stopped using syn-
chronized control. Once interface stops, magnetic field is turned on. The process is recorded with
the MicroPIV system, using 750 us microstrobe double pulses at 6 Hz. The 0.7 x camera mount
and the 10 x microscope objective produces a total system magnification 7 x. This produces a
1.238 x 0.943 mm? field of view. The recorded images are then subject to image pre-processing, con-
centration calculation using the calibration information and subsequent POD computation. The
entire image pre-processing, calibration and modal analyses are performed using DynamicStudio
software.

3. Concentration calibration

The acquired images are pre-processed following the same procedure as in Ergin et al. (2010). As
compared to previous magnetic microconvection PIV measurements (Ergin et al. (2013); Erglis et
al. (2013)), the experiment quality and image quality was increased substantially. The interface
is initially straight and the finger formation is clearly visible and symmetric around the initially
straight interface. If the intensities of water and initial magnetic fluid are known at the begin-
ning of the experiment before mixing, the concentration can be expressed as a function of image
intensities. Whereas, Ergin et al. (2013) used a linear expression, Ergin et al. (2019) used a logarith-
mic expression based on a Beer-Lambert law. Ergin et al. (2019) also showed that the logarithmic
expression alone is insufficient and an additional calibration step is needed:

B, y) = logyo I(,y) —logi Iu,0

1)
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where I(z,y) is the light intensity in point (x,y), Ig,0 is the average intensity of water and )5 is
the average intensity of original magnetic fluid. This logarithmic relation also includes 2 constants,
which can be computed during calibration.

For calibration we prepare 11 samples with different concentrations of original magnetic fluid
with tracer particles, by mixing it with water with tracer particles, so that we obtain magnetic fluid
concentrations 0%, 10%, .. 100%. Each of the samples is imaged using the same system and settings
as experimental images of the magnetic microconvection. Sample images (with 0.25 x 0.25 mm?®
region of interest) can be seen in Fig. 2 (a). One can easily see that the magnetic fluid concentrations
above 50% are already quite dark. To measure this quantitatively, we find the average intensity
and its error (standard deviation) for each image with a different concentration. We do this for 2
different Microstrobe pulse lengths. As a result, we find an intensity decrease with an increase of
magnetic fluid concentration that should be expected (Fig. 2 (b)).
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Figure 3. An example of image processing results. (a) Original snapshot of the magnetic microconvection. (b)
Concentration plot assuming linear dependence. (c) Concentration plot using Beer-Lambert calibration (assuming
logarithmic change). (d) Vorticity plot. All three (b), (c) and (d) show also phase boundary and flow field.

Fig 3 can be used to demonstrate why a concentration calibration must be performed during light
absorption measurements. Fig3 (a) shows the sample raw image of the experiment where mag-
netic fluid is on the left and non-magnetic fluid is on the right. Both phases are seeded with the
same particles. Fig3 (b) shows the concentration field assuming a linear change in concentration
with transmitted light intensity as assumed in Ergin et al. (2013) (black line in Fig. 2 (c)). Fig3 (c)
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shows the concentration field assuming a logarithmic change in concentration with transmitted
light intensity as assumed in Ergin et al. (2019) (blue and green lines in Fig. 2 (c)). Fig3 (d) shows
the vorticity map and the interface. When Fig3 (b) and Fig3 (c) are compared the necessity of
performing a concentration calibration is obvious. Without performing calibration Fig3 (b) the
concentration gradient does not coincide with the mixing interface and spills over towards the
non-magnetic fluid, which is not physical. However with calibration, Fig3 (c), the concentration
distribution is corrected; the concentration gradient coincides with the mixing interface, is much
more symmetric on both sides of the interface and moves together with the interface through-
out the experiment. Also vorticity dynamics displays the few strong vortices in the beginning,
many less strong vortices in the middle and a few vortices further away from the phase boundary,
indicating the decay of the convective motion. Both findings qualitatively agree very well with
numerical simulations (Kitenbergs, Tatulcenkovs, et al. (2015)).

4. Proper Orthogonal Decomposition

A Proper Orthogonal Decomposition (POD) analysis was performed on a similar magnetic mi-
croconvection experiment by Ergin et al. (2014) on time-resolved velocity data. Here we perform
POD on the scalar concentration data. Briefly, POD is a powerful method for system identifica-
tion aiming at obtaining low-dimensional approximate descriptions for multi-dimensional sys-
tems. POD provides a basis for the modal decomposition of a system of functions, as in the case
of data acquired through experiments. It provides an efficient way of capturing dominant com-
ponents of a multi-dimensional system and representing it with a desired precision by using a
relevant set of modes, thus reducing the order of the system. POD is closely related to Princi-
pal Component Analysis (PCA) from linear algebra. In its original form, it derives only spatial
modes which are mutually orthogonal. Temporally, each mode provides varying contributions to
the individual datasets (snapshots) and it turns out that these temporal ‘modes” are also mutu-
ally orthogonal. This was formally described in 1991 by Aubry et al. (1991), who proposed the
name ‘Bi-Orthogonal Decomposition” to emphasize the orthogonality of both spatial and temporal
modes. They also proposed the name “Topos’ to describe spatial modes and ‘Chronos’ to describe
temporal modes. In this paper, we use the name ‘Proper Orthogonal Decomposition” since it is by
now an established and accepted technique, but we adopt the names “Topos” and “Chronos’ to de-
scribe spatial and temporal modes, respectively. Each instantaneous concentration measurement is
considered as a snapshot of the concentration field. If an ensemble of concentration maps acquired
in the same position and under identical experimental conditions is available, POD subtracts the
temporal mean and performs a full spatio-temporal decomposition of the fluctuating part of the
concentration such that the instantaneous concentration field C(z,y,t) can be reconstructed from
a series of K modes:

K-1

C(x7y7t) = Z O-kq)k(xvy>\11k(t) (2)

k=0
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where o}, is the global amplitude of the k" mode, ¥, is the k" ‘Topos’ (spatial mode), and Wy, is the
k™ “Chronos’ (temporal mode). The amplitude, Topos and Chronos of mode 0 (k = 0) describe the
mean concentration field, and the remaining Topos and Chronos are orthonormal:

(@i, @j) = (T, V) =3y 3)

The modes are sorted by the amplitude (concentration deviation squared) such that the first mode
is the one contributing to the largest fraction of the total energy and the subsequent modes con-
tribute to smaller and smaller fractions thereof. The first modes will typically be associated with
large-scale flow structures, and the last modes will typically describe only the measurement noise.
The modal decomposition methods are described in a review by Uruba (2012).

Figure 4. POD Mode 0: the time-average concentration field.

5. Results

The 0" Topos is the time-average of the POD input, in this case the mean concentration field
(Fig.4). The subsequent 4 Topos are shown in Fig.5, and their temporal counterparts (Chronos)
are shown in Fig.6. The computed POD modes are ranked by their kinetic energy amplitude
such that the first mode is the one contributing to the largest fraction of the total energy and the
subsequent modes contribute to smaller and smaller fractions thereof. As a result of this, the first
modes will typically be associated with largescale flow structures, and the subsequent modes will
typically have smaller and smaller flow structures (Fig. 5) with increasing frequencies (Fig. 6). It is
interesting to note that n* Chronos always have n — 1 peaks.

The first few Topos and Chronos appear to characterize the microconvective mixing behavior quite
well. For example, Topos 1 (Fig.5 (a)) indicates 7 pairs of red and blue protrusions at the initial
interface area, which agree with the 7 finger-like structures of convective flow, visible in Fig. 3 (c).
At this stage the fingers have not really begun sliding within eachother, but they are about to.
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Figure 5. Topos 1, 2, 3, and 4: The 1st 4 spatial POD modes of the concentration field.
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Figure 6. Chronos 1, 2, 3, and 4: The 1st 4 temporal POD modes of the concentration field.

This is initial fingering pattern and develops at the beginning of the mixing, which agrees with the
dynamics of Chronos 1 (Fig. 6 (a)), where the amplitude remains high until time frame ~ 13. Topos
2 (Fig.5 (b)) not only shows clearly the 7 pairs of fingers which have slid into each other, but it also
shows the mushroom-like finger tips that lead to splitting of instability driven fingers (see them
also in Fig.3 (c)). This is a clear change of mixing dynamics and also here Chronos 2 (Fig. 6 (b))
reflects it well, as the amplitude increases and peaks around time frame ~ 20. This coincides with
the best pronounced mushroom-like tips and the start of finger splitting.

From the complex convective motion, we can note two characteristics that should be the most
important for mixing. First is the lateral movement of fluids across the interface, which is done by
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initial fingering pattern and, as discussed above, is characterized by Topos 1 and Chronos 1. We
know from finger velocity measurements in Kitenbergs, Tatulcenkovs, et al. (2015) that the finger
formation speed depends on the square of magnetic field applied. Therefore, we can propose a
hypothesis that larger magnetic field should result in a larger amplitude in Topos 1 as well as a
shorter dynamics of Chronos 1. Second is the finger splitting, which enhances mixing and splits
the otherwise finger-like pattern. From previous studies it is clear that a certain magnetic field is
needed for this and here oberving Topos 2 and Chronos 2 should show a change in behavior across
this threshold. However, more research is needed to prove these hypotheses.

Further modes of Topos and Chronos seem to describe additional details of the complex convective
process and its dynamics and could help to better describe secondary fingering (Wen et al. (2007))
and other phenomena in complex mixers. It would also be interesting to see if similarities in POD
analysis can be seen with other recent propositions of magnetic micromixers (Coutinho & Miranda
(2020); Krakov et al. (2021)) both experimentally and numerically.

6. Conclusions

We have shown that POD analysis can be successfully applied to concentration dynamics of a
micromixer and it allows to retrieve characteristics of interest both to study the physics of mi-
croconvective flows and for the possibility to improve the micromixer. Here the first two modes
of Chronos and Topos seem to well describe the initial instability formation and growth, as well
as transition to a more complex flow of the magnetic microconvection. However, more research
needs to be done to generalize the applicability of POD analysis and the conditions to do that.
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