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Abstract

Experiments and direct numerical simulations are used jointly to study the asym-
metric and the symmetric time-periodic regimes occurring in a T-shaped micro mixer
for larger Reynolds numbers than those of steady regimes. The first is characterized
by a large mixing degree, while the flow in the second regime always exhibits a nearly
double mirror symmetry in the mixing channel, which strongly hampers mixing. The
characteristic non-dimensional frequency, calculated using the hydraulic diameter of
the mixing channel and the bulk velocity, augments with the Reynolds number in both
periodic regimes, but a large discontinuity is observed at the transition between the two
regimes. A detailed description of the main flow features is given, in order to provide
a physical explanation on the Strouhal number variation. The present analysis can be
exploited in practice to design active control strategies, e.g. by exciting the flow at the

frequencies typical of the asymmetric unsteady regime.
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Introduction

Microfluidic devices are gaining increasing interest in the synthesis of drugs and fine chemicals
because they allow an unprecedented control over operating conditions. In particular, the
high surface to volume ratio enables a high heat transfer capacity, thus potentially ensuring a
fast and efficient temperature control. This may also lead to the possibility to handle highly
exothermic reactions without dilution. As a result, higher reaction yield and selectivity can
be achieved with respect to the batch processes that are traditionally used. Indeed, the
miniaturization of some synthesis routes may provide effective process intensification , which
results in economical, environmental and safety benefits! ).

Micro-reactors are composed of micro-channels, with typical dimensions < 1 mm; two or
more reactants are fed through inlet branches and then mix in the mixing channel. The flow
is laminar due to the tiny dimensions; hence specific methods have to be developed in order
to improve the mixing of reactants and thus reaction yields*®¢7 8. Active enhancing methods
are based on external energy sources (e.g., ultrasound, electric field) and the idea behind them
is to induce oscillations of the flow field on purpose to improve mixing. These oscillations can
be driven, for example, by pulsating inlets, as proposed by Ito and Komori, who employed
a small vibrating motor to pulsate the flow entering a Y-shaped mixer.® Similarly, Sun
and Sie used a dynamic pressure generator to feed with a sinusoidal pressure profile the
liquids entering a T-mixer with a divergent channel.!® Recently, Erkoc et al. investigated
numerically the mixing process in a 2D T-jet mixer using a pulsation/modulation of the jets
flow rate.!!

However oscillations of the flow, namely flow instabilities, can be present naturally in the
laminar regime even with steady inlet conditions and in absence of any external force, i.e.
in passive micro-devices. In particular, for a simple T-mixer, it was observed that the flow
may become time-periodic for specific ranges of the mixing channel Reynolds number Re =
pUd/n. Here p is the density of the fluid, U is the inlet bulk velocity, d is the mixing-channel

hydraulic diameter and p is the fluid dynamic viscosity. In particular, in case of square inlet



sections fed with two water streams with equal flow rates, the flow is steady up to Re = 220
but subsequently it becomes time-periodic and eventually chaotic. The steady regimes have
been largely characterized in literature and may be classified into: stratified, vortex (steady
symmetric) and engulfment (steady asymmetric) regimes!21314 15161718 1920 Thep af 225 <
Re < 320 the flow exhibits a time-periodic motion with a large degree of asymmetry (periodic
asymmetric regime) and, thus, with a large degree of mixing *'. This can be even 30-50%
higher than the one observed in the steady engulfment regime!6.2? However, with further
increasing Re, i.e. at 325 < Re < 510, the flow, although still time-periodic, unexpectedly
presents a higher level of symmetry with a detrimental effect on the degree of mixing??
(periodic symmetric regime). Evidences of the time-periodic motions were provided by the
numerical simulations of, 6242 and?® and further supported by experiments of?7?® and.?
The effect of channel aspect ratio on the periodic motions was analysed in,?* while the
influence of the liquid mixture properties by.?? The presence of unsteady regimes was also
observed in opposed T-jet mixers with different aspect ratios®® Some of the previous works
tried to characterized the time-scales typical of the above unsteady regimes, in particular in
terms of Strouhal number, St, usually defined by using the bulk velocity of the flow and a
geometrical characteristic length, as e.g. the mixing channel hydraulic diameter. Besides a
significant dispersion of numerical and experimental data, it was observed (see e.g.??) that
there is a sudden decrease of St when passing from the asymmetric periodic regime to the
symmetric one and this is consistent with the completely different dynamics of these two
regimes. Within each regime, however, the Strouhal number is not constant; conversely, it
monotonically increases with the Reynolds number. This indicates that the characteristic
time-scales are related to dynamic features which depend on the Reynolds number.

The present work further investigates the dynamics of the periodic flow regimes which
take place naturally in micro-devices, with the aim of shedding light into the characteristic
time-scales and of correlating them to flow features and degree of mixing. In particular, the

idea is to find which are the most relevant phenomena occurring in the different regimes which



could be used to define a characteristic time-scale independent of the Reynolds number. This

can be useful, e.g., to devise strategies for control and optimization of the mixing process.

T-mixer geometry

The mixer has two inlet channels joining in a T-shaped junction and it is sketched in Fig. 1(a),
reporting also the adopted reference frame. This geometry is the one also investigated in.2?
The inlet channels present a square cross-section, i.e. W; = H = 1 mm, whereas the outflow
channel has an aspect ratio 2 : 1, i.e. W, = 2H = 2 mm. Hence, the mixing-channel
hydraulic diameter is d = 4H /3. This quantity will be used in the following text to define
non-dimensional coordinates, i.e. X = z/d, Y = y/d and Z = z/d. The length of the
inlet channels is L; = 40 mm~ 30d, so the flow at the confluence is fully developed.®' The
length of the mixing channel is L, = 60 mm ~ 45d and allows a complete development of

the vortical structures.?32°

Experimental set-up

The T-mixer model is in polymethylmethacrylate (PMMA) (see Fig. 1(b)) and is made of
three layers, which are sealed with two double-sided adhesive films and screws. The top and
bottom layers are equipped with fluidic connections and allow optical access. The central
layer, with a thickness equal to 1 mm, has a T-shaped cutting through.

The mixer inlets are fed by means of a Gemini 88 syringe pump at equal flow rates with
deionized water streams. In order to discern the two flow streams and capture the mixing
process, one inlet stream is colored by means of a Ponceau 4R dye (Sigma-Aldrich) using
a concentration of Cy = 1.9 - 1073 M. This concentration was observed to do not alter the
fluid properties. After each experimental test, the pump is stopped and then started again
to reach the desired flow rate for a new test. This was made to avoid any hysteresis in the

mixing process. Moreover, the pump behavior was observed to be perfectly steady; some



(b)

Figure 1: (a) Geometry of the T-mixer; (b) experimental model.



small pulsations could hardly be observed only for Re < 20, thus for much lower flow rates
than those used in the present investigation.

The upright microscope Nikon Eclipse 80i with a magnifying lens of 4x was employed
to visualize the mixing of the streams. The Optomotive Velociraptor high-speed camera
captured the images. The camera resolution is 920 x 2048 pixels with a frame rate equal
to 387 frames/s. In front of the camera is mounted a 0.5x lens to collect a region of 1.8d
X 4d in a single image. This arrangement allowed to visualize both T-junction and the
mixing-channel initial region. The equivalent length of a pixel is 2.5 pm. More details about
the experimental set-up can be found in.?3

The light emitted from the lamp crosses the fluid and hence the resulting intensity,
captured by the camera, depends on the dye concentration. The Lambert-Beer’s linear
relationship between dye concentration and light absorbance was found to hold by means of
preliminary calibration runs in.?? Thus, normalized depth-averaged dye concentration images
can be derived from the light intensity images by using the following equation applied for

each (i, j)-th pixel of the images:

In (Ianki5) — In (L)~ Cy (1)
In (Inank,ij) — In (Inazij) — Co

where, [;; is the instantaneous values of intensity of the light, Cj; is the instantaneous values
of dye concentration, Iyank,; is the value of light intensity acquired when the mixer is full of
only the blank solution and the Cj is the one when the mixer is full of the Cy dye solution.

An off-line automatized procedure was developed to post-process the images and thus
pixel intensity maps are converted into distributions of normalized depth-averaged dye con-
centration.?? The acquisition of the references Tbiank,ij and Ip,qzi; Was necessary for each set

of experiments before using the two streams together.
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Simulation set-up and numerical methodology

The open-source spectral-element code Nek5000%3 was used to solve the unsteady incom-
pressible Navier-Stokes equations describing the liquid motion. Their non-dimensional form
is:

V-u=0 (2)

ou 1,
%+u-Vu——VP+§Vu (3)

Here 0/00 is the time derivative and P is the modified non-dimensional pressure. The time
is normalized using the convective time d/U, the length using hydraulic diameter d of the
mixing channel, while the velocities through the bulk velocity U at the inlet. The above

equations are coupled with a conservation transport equation for the dye mass fraction ¢:

06 1o,
S5+ u- Vo ==V, (4)

where the Peclet number Pe = Ud/D , with D being the molecular diffusivity of the dye.

The numerical set-up is the same as in.?®> A multi-block structured grid having 12250
hexahedral spectral elements is employed for the spatial discretization. The spaces of ve-
locity and pressure are spanned by means of Lagrange polynomial interpolants, which, in
each spectral element, are based on tensor-product arrays of Gauss-Lobatto-Legendre (GLL)
quadrature points. The polynomial order is N = 7 for the velocity and N — 2 = 5 for the
pressure ( Py /Py_» scheme) resulting, for each component of velocity, in approximately 4-10°
degrees of freedom. Previous works have indicated that both grid and polynomial order are
suitable for this kind of simulations?3343°,

For time discretization, a third order backward differential formula (BDF3) is applied.
The diffusive terms are handled implicitly, whereas convective terms are treated by means

of a third order explicit extrapolation (EXT3). The non-dimensional time-step is 7.0 - 1074,

ensuring CFL number < 0.3. As for the dye equation, a rather small Schmidt number
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should be used to avoid stability issues, i.e. Sc = pu/(pD) = O(100) (see also?). This Sc
is much lower than the typical values for liquids, i.e. Sc = O(10® + 10%). Nevertheless, it
was demonstrated in®® that this enhanced diffusion has negligible effects for the investigated
region of the T-mixer, i.e. —0.75 <Y < —3, because the residence time is too low to allow
molecular diffusion to prevail over transversal convection.

Boundary conditions consist of no-mass-flux and no-slip velocity at the walls, uniform
concentration and velocity at the inlets and free outflow conditions at the mixing channel
exit.

Uniform dye concentration and non-developed conditions were used to initialize all sim-
ulations, to avoid hysteresis issues that may occur especially near flow regime transitions
(see e.g.293%). After discarding the initial transient, the total time spanned by a simulation
covers more than 20 periodic cycles.?* In order to compare directly the results of the sim-
ulations with the experimental flow visualizations, the depth-averaged dye concentration is
calculated from the numerical data.

The mixing degree 9,, between the two streams is estimated for a given mixing channel

cross-section Y as 37:38:

Ob

G =1— (5)

O-mazc

where oy, is the standard deviation of the volumetric flow, i.e.:

2 [ (¢ — ¢p)*u, dz dz
b fuy dr dz

Here u, is the y component of the velocity and ¢ is the bulk mass fraction:

- [ouydxdz

b fuy dr dz (7)

The maximum value of o}, is denoted here with o,,,, and is obtained for completely segregated
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streams, resulting in:
Omaz = Q_ﬁb(l - éb) (8)

Accordingly §,, is between 9, = 0, indicating a completely segregated flow, and 9, = 1,

corresponding to a perfectly mixed flow.

Main results

The experimental depth-averaged concentration maps (flow visualizations) shown in Fig. 2
give an overview of the steady and unsteady flow regimes taking place in the T-mixer as
a function of the Reynolds numbers Re comprised between 220 and 520. For the unsteady
regimes, the shown pictures are just snapshots, i.e. they refer to an arbitrary instant. Videos
for all the regimes are provided in the supplementary materials. With increasing the Re
number the following regimes are observed: steady asymmetric regime (engulfment regime),
unsteady asymmetric regime, unsteady symmetric regime and finally chaotic regime. The
qualitative features of the regimes are the same in the whole range of Re within each regime.
The transition between the flow regimes is usually very sharp. For instance at Re = 220 the
flow is steady, whereas at Re = 225 a time-periodic motion is present. Similarly, at Re = 320
the unsteady flow is asymmetric whereas at Re = 325 it is characterized by a large degree
of symmetry. Eventually, at Re = 510 the flow is almost symmetric, while at 520 the flow is
chaotic.

A detailed description of the regimes occurring in the same device was given in.?? In
the present work, we focus on the unsteady periodic regimes, by investigating the flow
characteristics and the relevant frequencies, with the aim to further characterize the dynamics
and the features that can be exploited to devise strategies to control and improve the mixing
process.

In the range 225 < Re < 320 the flow exhibits a periodic motion with a high degree of

asymmetry in the mixing channel, thus resulting in a large degree of mixing. As described
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in,?3 the flow periodicity is strictly linked to the dynamics of 3D vortical structures, which can
be briefly summarized as follows: the flow cycle can be thought to start from a configuration
which is typical of the steady engulfment regime, in which two counter-rotating vortical
structures originate in the recirculation regions near the top walls of the mixer. These
structures are not perpendicular to the inlet flow direction, but they are tilted of a certain
angle. Moreover, they are convected into the mixing channel, forming two legs for each
vortical structure. Due to the tilting, the two legs of each vortex entering in the outflow
channel are not equal in terms of intensity, shape, and position. Moving towards the end of
the mixing channel, the weakest couple of legs disappears and only two co-rotating vortices
survive. During the time cycle the top parts of the vortical structures become closer and
their tilting angle increases, until they merge and the top parts, carrying vorticity of different
sign, rapidly annihilate, whereas the two stronger legs form a blob of vorticity (i.e. a region of
high concentrated vorticity) which is convected in the mixing channel. The signatures of this
complex vorticity dynamics can be seen in the predicted depth-averaged dye concentrations
reported in Fig. 3 which also provides a quantitative comparison between predictions and
experiments at Re = 280 for different time instants during a whole characteristic dynamic
cycle. The dynamic cycle has a time period 7, corresponding to a Strouhal number St =
d/ (Ut) = 0.218, calculated using the bulk velocity and the hydraulic diameter of the mixing
channel. Since the experimental acquisition frequency rate is 387 Hz, about 11 frames are
present at Re = 280 for each cycle. The results of 8 significant time instants are reported in
Fig. 3, while all the results during 5 cycles can be seen in the attached video. For each time
instant, Fig. 3 reports the experimental and predicted depth-averaged dye concentrations
(in the middle and right bottom panels) as a function of the X coordinate at two different
Y locations in the mixing channel, i.e. ¥ = —0.15 and Y = —1.30. Moreover, for the
sake of clarity, the numerical distributions of the depth-averaged dye concentration in the
mixing channel (left panels) and of the dye concentration in the considered cross-sections

(middle and right top panels) are reported. The agreement between the experimental and
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numerical results is very good, especially taking into account the fact that the considered
flow regime is significantly complex and unsteady. The agreement can be quantified by the
coefficient of determination, i.e. R?, which was estimated by taking all experimental and
numerical observations of the depth-averaged dye concentration at different time instants.
Very high values were obtained, i.e. R? = 0.967 and R? = 0.965atY = —0.15and Y = —1.3,
respectively. The beginning of the cycle is arbitrarily chosen at ¢ = 0.277 (Fig. 3(a)), when
the flow pattern is close to the one of the steady engulfment regime (compare with Fig.
9(b) in?® obtained for Re = 200), except for the bottom part, in which a signature of the
passage of the previous blob of vorticity is still present. The frames from t = 0.277 to
t = 0.647 (Fig. 3(b)) have all similar flow features. The dye distributions in the two cross-
sections in the range ¢t = 0.27 —0.647 are similar to the ones of the steady engulfment regime
(compare with Figs. 10(a,c) in?® obtained for Re = 200). The two vortical structures at
the top of the mixer are really close (see the left panel in Figs. 3(a,b)) and the signature
of the two co-rotating stronger vortical legs in the mixing channel can be identified in the
dye concentration fields (central and right panels). Both at Y = —0.15 and Y = —1.3 the
two strong legs are clearly detectable and become larger moving downstream in the mixing
channel. At ¢t = 0.737 (Fig. 3(c)) the two vortical structures start to become closer and to
merge, while at ¢ = 0.827 (Fig. 3(d)), they merge and their top parts, carrying vorticity of
different sign, annihilate whereas a blob of vorticity is formed by the two stronger legs. The
two co-rotating stronger vortical legs are really close at Y = —0.15 in the mixing channel,
while no appreciable effect of the vorticity blob shedding can be seen yet at ¥ = —1.3.
The effect of the passage of the vorticity blob at section ¥ = —0.15 is clearly evident at
t =0.917 and t = 1.007 (Figs. 3(e,f)), while the blob passes at section Y = —1.3 at t = 1.097
(Fig. 3(g)). The vortex legs present in the channel twist during the passage of the vorticity
blob in the mixing channel, with a sudden change in the topology of the dye visualization.
In the meanwhile, the top parts of two new structures start to form again entering from the

two inlet channels and can be seen at section Y = —0.15 in Fig. 3(g) and in both sections
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in Fig. 3(h) at ¢ = 1.187. Then, the new vortical structures experience the same dynamics,

thus beginning a new cycle, as the previously described one.

Figure 2: Experimental flow visualization of the different flow regimes occurring in the T-
mixer (see also the video attached in the supplementary materials).

The time-behavior of pressure, velocity and dye concentration three-dimensional fields
are available from numerical simulations. Hence, the related time-signals can be acquired
in suitable locations and analyzed to identify the significant flow frequencies. Our objective
is also to derive the frequencies from the depth-averaged concentration field measured in
the experiments. To this aim, we wish to ascertain whether the depth-averaged dye con-
centration signal also contains the characteristic frequencies of the flow dynamics as done
by the three-dimensional velocity field. Let us start by analyzing the time signals of ve-
locity recorded in CFD simulations. The time-signal of the z-velocity for Re = 280 at
(X,Y,Z) = (0.375,—0.15,0.375) is reported in Fig. 4(b) (Fig. 4(a) shows the position of
the probe). The signal clearly indicates a time-periodicity; a negative peak in the z-velocity
occurs every time a vorticity blob passes through the mixing channel. The time-signal of the
corresponding depth-averaged dye concentration, i.e. at (X,Y) = (0.375, —0.15), is reported
in Fig. 4(c). An abrupt increase in the dye concentration takes place when the blob crosses

the probe position. For all the different locations considered, the maximum time difference
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Figure 3: Dye concentration at Re = 280. Distribution of depth-averaged dye concentration
predicted using CFD (left). Distribution of dye concentration predicted using CFD at the
cross-section Y = —0.15 (top-center) and experimental and CFD profiles of depth-averaged
dye concentration at Y = —0.15 (bottom-center). Distribution of dye concentration pre-
dicted using CFD at the cross-section Y = —1.30 (top-right) and experimental and CFD
profiles of depth-averaged dye concentrationggt ¥ = —1.30 (bottom-right). Considered in-

stants: (a) t = 0.277; (b) t = 0.647; (¢) t = 0.737; (d) t = 0.827; (e) t = 0.917; (f)

= 1.007;

(g) t =1.097; (h) t = 1.187 (see also the video attached in the supplementary materials).



between the velocity and concentration peaks is lower than 0.1% of the cycle period. Hence,
he-depth averaged dye concentration signal can be employed to estimate the characteristic
frequency.

Fig. 5 compares experimental and predicted depth-averaged dye concentrations for five
cycles at Re = 280, showing a total amount of 8 probes at X = —0.375,—0.185 and
Y = —0.15,-0.45, —1.3, —2.4. Here a cycle is computed as the product between the Strouhal
number and the non-dimensional time (see the abscissa). Despite the small difference be-
tween experimental and predicted St values, i.e. St = 0.218 and St = 0.244, respectively,
the shape of the dye time-signals matches closely.

The same procedure for the analysis of the signals has been repeated for the periodic
symmetric regime. In this regime, which was analyzed in detail for the same device in,? the
two streams are almost segregated and the flow unsteadiness is due to a periodic oscillations
of the top parts of the three-dimensional vortical structures, which are also present in the
asymmetric regimes and were previously described. Therefore, in this regime, the best probe
position is in the confluence region, where the unsteadiness of the flow is more pronounced.
Again, the suitability of the depth-averaged concentration to allow the identification of the
characteristic frequencies of the flow dynamics, was checked through the comparison between
its time behavior and the one of the velocity field (see Fig. 6 for Re = 450). As for the analysis
previously carried out for Re = 280, the difference in the related frequencies is lower than
0.1%. A signature of the small transversal periodic oscillations of the vortical structures
in the top region of the mixer may be recognized from the depth-averaged concentration
signals. In particular, when they towards negative X values, the stream coming from the
right penetrates in the left top part of the mixer (see Fig. 6); the opposite is found when
they oscillate towards the right. Then, the experimental and numerical depth-averaged dye
concentrations are compared in Fig. 7 for the different cycles and for the two probe locations,
ie. X = —0.0925,0 and Y = 0.7. Despite the non-negligible differences in the experimental

and numerical Strouhal numbers, i.e. St = 0.226 and St = 0.271, respectively, the signal
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profiles match each other closely.

As for the degree of mixing d,,, defined in eq.(5), only the numerical results are available
because for its evaluation the three-dimensional dye and velocity fields are necessary. The
mean values of the mixing degree, plus and minus the standard deviation, are reported in
Fig. 8(a), showing also the results for the steady regimes. The degree of mixing is evaluated
at section Y = —8 for the different cases. The asymmetric periodic regime exhibits the
maximum value of the degree of mixing. This is due to both the occurrence in the mixing
channel of the two co-rotating vortices (as in the engulfment regime) and to the dynamic
effect associated with the vorticity blob passage. On the contrary, in the unsteady symmetric
regime even lower mixing values than those of the engulfment regime are observed, because
of the occurrence of a nearly segregated and symmetric flow topology. The degree of mixing
augments in both periodic regimes with the Reynolds number, due to the increase of intensity
of the vortical structures.

Strong fluctuations of the degree of mixing characterize the asymmetric time-periodic
regime. Such fluctuations are related to the dynamics of the blob of vorticity. This is
confirmed by the time-signal of the degree of mixing at Y = —8 for Re = 280 (see Fig.8(b)).
Two high-amplitude fluctuation peaks occur during each cycle when the vorticity blob crosses
the considered cross-section; these peaks are followed by a low-amplitude fluctuation. The
symmetric regime presents only moderate fluctuations, as the flow unsteadiness mainly affects
the top part of the mixer and the interface between the two streams (see Fig.8(c) for Re =
450). The double frequency governs the dynamics of the degree of mixing, because the shift
of the top part of the vortical structures towards one or the other inlet channel produces the
same effect on the mixing degree (see eq. (6)). Thus, the same time behavior of the mixing
degree is found for each half period.

The same analyses were repeated for different Re in the range Re = 235 — 500. The flow
pattern is qualitatively the same within each of the two periodic regimes. The Strouhal num-

bers calculated for all the experiments and simulations are reported in Fig. 9. Available re-
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16.29 are also given for comparison. In the experiments, the reported data

sults from literature
corresponds to the average value plus and minus the standard error of the Strouhal number
of 10 signals of the depth-averaged dye concentration acquired at (X,Y’) = (-0, 185; —0, 15).
The standard error is evaluated as err = 20/y/n — 1, where o is the standard deviation and
n the total number of signals. Some discrepancies between experiments and predictions can
be noticed, nevertheless they are within the dispersion of data from literature. It can be
noticed that both the numerical and experimental St numbers increases monotonically in

both asymmetric and symmetric periodic regimes, while a sudden variation of St is observed

at the transition between the two periodic regimes.

Characteristic time-scales in the periodic regimes

In the previous Section we found that St augments with the Reynolds number both in the
asymmetric and symmetric regimes. Herein we investigate whether proper time-scales can
be identified to obtain a Strouhal number that is independent from the Reynolds number
in the two periodic regimes. To this aim we investigate more deeply which are the most

significant features characterizing the flow dynamics in these regimes.
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Asymmetric periodic regime

As described in Sec. 5 and also in,?*?%2% the cycles of the asymmetric periodic regime are
characterized by two main phases: one during which the top parts of the vortical structures
become closer and rotate increasing their tilting angle, followed by one in which the two
vortical structures merge and a blob of vorticity is convected in the mixing channel. The
rotation of the vortical structures is shown for the simulation at Re = 280 through the
visualization of the isosurfaces of the vortex indicator Ay (see®?) at different times in Fig. 10.
During the instants of this rotation the flow patterns (Fig. 11) remain similar to the one
previously found for the engulfment regime (e.g. in?*). The white lines in Fig. 11 indicate
the flow region identified as a recirculation according to the Ay criterion on the mixer section
at z = H/2 for different time instants and the non-dimensional pressure fields and the
streamlines of the in-plane velocity are also shown in the Figure.

For the considered case, the rotation of the top part of the vortical structures is almost
linear in time and goes from a = 120° up to o = 155°, as shown in Fig. 12(a) which reports
the tilting angle of the top parts of the vortical structures (see Fig. 10). Once reached this
latter value of «, the top parts of the two vortical structures merge and rapidly annihilate
because they contain vorticity of different sign. The interval in which no data are present
corresponds to when the structures disappear after merging and a vorticity blob is shed in
the mixing channel. The same behavior is observed for all the considered Reynolds numbers
in the asymmetric periodic regime, i.e. 245 < Re < 330. It is evident that the maximum
and minimum values of the tilting angles and the rotation rate are independent of Re and
also the portion of the cycle in which the blob is shed is independent of Re. In particular,
the rotation of the top parts of the recirculation regions occurs in the 60% of the whole cycle
(e.g. t-U/d-St=0.1-0.7). Since the rotation angle of the vortex top parts is the same
for all Re, but the rotation period is inversely proportional to the cycle frequency, which
conversely increases with Re, we can derive that the angular velocity w, increases with Re

(see Fig. 12(b)). In addition, the Strouhal numbers have an analogous increment with the Re
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(see Fig. 12(c), which reports the same numerical results previously shown in Fig. 9 limited
to the unsteady asymmetric regime). Consequently, a suitable Strouhal number S,y mm,
defined as Stusymm = 1/7w, is independent of Re and the angular velocity w, is thus the
proper scaling factor in this regime (see Fig. 12(d)). It should be noted that, from a physical
point of view, the proposed St,symm is equal to the ratio between the portion of the cycle in
which the top part of the vortical structures rotate and the whole cycle period and that this

ratio is constant for the considered regime.

(c) (d)

Figure 10: A, isosurface at Re = 280 for different instants: (a) t = 0.107, (b) t = 0.287, (c)
t = 0.467 and (d) t = 0.647.

Symmetric periodic regime

A complete cycle of the symmetric periodic regime is shown for the simulation at Re = 450
in Fig. 13, where the isosurfaces of the vortex indicator Ay are given for different times at
7/4 of the cycle. Small periodic oscillations in the X direction of the top parts of the 3D
vortical structures are evident; their tilting angle changes slightly even though it remains

very low, thus not sufficient to break the double mirror symmetry in the mixing channel. The
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(c) (d)

Figure 11: Non-dimensional pressure field (color contour) and streamlines (black lines) of the
in-plane velocity on the section of the mixer at z = H/2 at Re = 280 for different instants:
(a) t = 0.107, (b) t = 0.287, (c) t = 0.467 and (d) ¢t = 0.647. The white lines indicate the
flow region identified as a recirculation according to the A\, criterion.
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oscillation of the recirculations in the top part of the mixing channel is clearly visible also
from the non-dimensional pressure field and in the streamlines of the in-plane velocity shown
in Fig. 14. As for Fig. 11, the white lines point out the recirculation regions determined with
the Ay criterion. The time behavior of the horizontal position of the vortical structures for
different Reynolds numbers are compared in Fig. 15(a). The results show that by increasing
the Reynolds number the horizontal translation of the top part of the recirculations does not
significantly change.

Since the oscillation amplitude z, is the same for all Re, but the period of the oscillation
7T is inversely proportional to the frequency, the mean velocity of the oscillation, U, = z, /7,
increases with Re (see Fig. 15(b)). Also the non-dimensional frequency increases with Re
(see Fig. 15(c)) and a suitable Strouhal number Stgy,,, defined as Stgymm = L/7U, (with L
being any Reynolds-independent length) is independent of Reynolds (see Fig. 15(d)). Thus,
the mean velocity of the oscillation U, can be considered as the proper scaling factor in this

regime.

(c) (d)

Figure 13: A, isosurface Ay at Re = 450 for different instants: ¢ = 07, (b) ¢t = 0.257, (c)
t =0.507 and (d) t = 0.757.
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(c) (d)

Figure 14: Non-dimensional pressure field (color contour) and streamlines (black lines) of the
in-plane velocity on the section of the mixer at z = H/2 at Re = 450 for different instants:
(a) t =07, (b) t = 0.257, (c) t = 0.507 and (d) ¢t = 0.757. The white lines indicate the flow
region identified as a recirculation according to the A\, criterion.
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Conclusions

The time-periodic asymmetric and symmetric regimes, which take place in T-shaped micro-

mixers, have been further investigated herein by joint experiments and numerical simulations.

veloeity-and-conecentrationfields-in-numerical simulations; It was ascertained that the depth-

averaged concentration fields, measured in experiments, can be used to obtain the charac-
teristic frequencies of the flow dynamics. Depth-averaged concentration signals extracted at
suitable positions in experiments and simulations were then compared and analyzed. The
agreement between experiments and CFD is excellent with B2 > 0.965. In the asymmetric
regime, the concentration signals recorded in the mixing channel show large peaks each time
the vorticity blob, which is periodically shed in this regime, reaches the probe position. Con-
versely, in the symmetric regime the flow unsteadiness is only due to the periodic oscillating

motion of the vortical structures near the top mixer wall; the concentration signals show

therefore much less concentrated and pronounced peaks than in the asymmetric regime.

mixing and its time fluctuation are both significantly larger in the asymmetric regime than
in the symmetric regime. This is due to the two co-rotating vortical structures present in the
mixing channel, typical of the steady engulfment regime as well, but also to the vorticity blob
periodically shed in the mixing channel, which was previously shown to yield large peaks

in local passive scalar concentrations. A dramatic decrease of mixing is observed with the

onset of the symmetric regime, which is also characterized by much lower fluctuations of §,,.




The agreement
between our experimental and numerical Strouhal numbers is not perfect, nevertheless the
discrepancies are of the same order of the dispersion of the literature data. In spite of the
dispersion, a common feature is that, within both the asymmetric and symmetric regimes,
the Strouhal number , based on the inlet bulk velocity and hydraulic diameter of the mixing
channel, augments with Re. We tried then to highlight which are the most important
dynamical phenomena which influence the characteristic time frequencies and can explain
their dependence on the Reynolds number. In both regimes, the characteristic time-scales
are linked to the dynamics of the top parts of the 3D vortical structures present in the mixer.
The rotation angular velocity is the proper scaling factor of the time-frequency to obtain
independency of the Reynolds number in the unsteady asymmetric periodic regime, while the
mean lateral displacement velocity can be used in the unsteady symmetric periodic regime
together with a geometrical reference length.

A proper quantification of the relevant time frequencies and of the physical phenomena
mostly influencing the periodic dynamics, can be useful in practice, for instance, to design
active control strategies aimed at promoting mixing by exciting the flow, at the inlet or
in proper locations inside the mixer, at the frequencies typical of the asymmetric unsteady

regime.

Supporting Information

Video of the experimental flow visualization of the different flow regimes occurring in the
T-mixer.

Video of: the distribution of depth-averaged dye concentration predicted using CFD (left);
the distribution of dye concentration predicted using CFD at the cross-section Y = —0.15

(top-center); the experimental and CFD profiles of depth-averaged dye concentration at
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Y = —0.15 (bottom-center); the distribution of dye concentration predicted using CFD
at the cross-section Y = —1.30 (top-right); the experimental and CFD profiles of depth-

averaged dye concentration at Y = —1.30 (bottom-right).
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