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Abstract

In chemical and process engineering, mixing devices are used to study fluid mixing and its
impact on chemical reactions. Among a variety of choices, T-shaped mixers have been widely
used for fundamental studies because they are easy to fabricate and characterize with optical
measurement methods. In this study, a T-shaped mixer was built with a height, H, of 4 centi-
metres to enable accurate measurements of small-scale mixing with optical techniques. In ad-
dition, long inlet channels ensure fully developed inflows and thus boundary conditions for
comparisons with numerical simulations. We examine the fully developed laminar flows and
repeat the flow regimes (e.g., the engulfment and the unsteady symmetric regimes) with par-
ticle imaging velocimetry (PIV) for different Reynolds numbers. The Strouhal number of the
unsteady flows is cross-validated with numerical simulations. Overall, the present setup can
achieve the inlets with fully developed laminar flows when Re < 1100 and repeat the flow re-
gimes in previous studies.

Introduction

Fluid mixing is not only a fundamental and multi-scale process in engineering applications (e.g.
in chemical and aerospace engineering), but is also ubiquitous in nature (e.g. atmospheric
boundary layer and ocean flows). In chemical (process) engineering, micromixing devices are
used to study the mixing process and their impact on (chemical) reactions. Due to the simple
fabrication and good mixing efficiency, the T-mixer geometry has been widely used among a
variety of micromixers. Thus, a number of studies pay attention to the T-mixer, revealing the
physics of the mixing process, characterizing the mixing performance, and quantifying the
quality of the mixing outcomes (Camarri et al. 2020).

The Reynolds number is the most important parameter determining the flow in a T-mixer. It is
usually defined as Re = UyH /v, where U, is the mean velocity in the inlet channel, v is the
kinematic viscosity and H is the hydraulic diameter of the mixing channel. With the increase of
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the Reynolds numbers in the T-mixer, different flow regimes have been broadly identified in
previous numerical and experimental studies: the steady symmetric flow, engulfment flows
(i.e., steady asymmetric flow and periodic asymmetric flow), the unsteady symmetric flow, and
the chaotic flow (Camarri et al. 2020; Zhang et al. 2019; Fani et al. 2013 & 2014; Thomas and
Ameel. 2010). When the Reynolds number is small (Re < 105), the steady and symmetric flow
is dominant. Two parallel streams of fluid form and flow from the inlet channels to the mixing
channel (Schikarski et al. 2017; Thomas and Ameel. 2010). As the Reynolds number in-
creases, the symmetric flow state becomes unstable and is replaced by the engulfment flow
state, which has been observed with planar laser-induced fluorescence (PLIF) (Hoffmann et
al. 2006; Thomas and Ameel. 2010) and flow simulation (Fani et al. 2013, Schikarski et al.
2017). To identify the critical Re at which the transition from symmetric flow to engulfment flow
occurs, Soleymani et al. (2008) provided an expression based on the numerical study, com-
bined with the mixing channel length and aspect ratio of the T-mixers. Their expression was
found to be consistent with experimental data for different T-mixers in the literature. Further-
more, through simulation and experiments, Cherlo and Pushpavanam (2010) and Poole et al.
(2013) further confirmed this expression for predicting the critical Reynolds, but they found that
the prediction of the expression failed when the height of the T-mixer was greater than the
width.

In the engulfment regime, reflection symmetries are broken and the shear layer in the T junc-
tion starts to engulf both flow streams. Two vortexes are observed, which retain a central sym-
metry. The resulting enhancement of the mixing process has been discussed in several studies
(Zhang et al. 2019; Fani et al. 2013 & 2014; Thomas and Ameel. 2010). At low Reynolds
number, the engulfment flow is steady flow and later becomes unsteady (periodic) and chaotic
(Schikarski et al. 2017). A transition Reynolds number from steady flow to unsteady engulfment
flow was also reported in the literature, e.g., Re = 142 (Thomas and Ameel. 2010; Thomas et
al. 2010; Engler et al. 2004), or Re = 180 — 195 (Zhang et al. 2019). Fani et al. (2013 & 2014)
analysed the instability mechanism and precisely determined this critical Reynolds number
(Re = 175) through the direct numerical simulation. The difference of these critical Reynolds
numbers mentioned above might come from different aspect ratios of the setups. With further
increasing Reynolds numbers (= 320), the flow begins to regain symmetry but exhibits un-
steady flow behaviour. At the same time, the mixing efficiency decreases. The flow pattern
exhibits quasi-periodic behaviours for symmetric unsteady flow, in which oscillatory stagnation
point behaviour is unpredictably interrupted by asymmetrical breaks (Thomas and Ameel.
2010). Periodic breaks from the symmetry that occur in this regime are more frequent with
increasing Re, as the momentum field of the inlet flow in the T-mixer becomes increasingly
more energetic. Subsequently, the flow regime becomes chaotic with the increase of the Reyn-
olds number. When the Reynolds number is beyond 650, the flow in the mixing channel be-
comes eventually turbulent (Schikarski et al. 2019). However, only a few studies focused on
the flow and mixing dynamics at high Reynolds numbers (> 500) for a T-mixer, especially
through experiments. Thus, for the accurate measurements (e.g., particle image velocimetry
and planar laser-induced fluorescence) at moderate to high Reynolds numbers, a T-shaped
mixer was designed. It has a height of 4 centimetres, which is much larger than the dimensions
of typically used micro-scale T-mixers (even a limited number of available macro-scale T-mix-
ers) with the same geometry.

This paper aims to verify the previous flow regimes in literature and to validate our large-scale
setup. Thus the paper is organized as follows. We first provide detailed descriptions of the
experimental setup and the measuring technique. Further, experimental results are presented
and previous experimental flow regimes are repeated, in which the Strouhal number of the
unsteady flows is compared. Finally, the article is closed with a summary and outlook for future
work.
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Experimental setup and technique
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Figure 1. Sketch of the T-mixer setup, where the left branch is omitted (represented by three dots) to
leave sufficient space for the details of the right-branch inlet. The setup consists of two symmetric
branches and a T-junction section, where PIV measurements are taken. The arrows indicate the flow
direction.

Figure 1 shows a schematic of the T-mixer setup. The working fluid is water at ambient tem-
perature (20 °C). The device is 6 m long and consists of two branches (inlet channels) of square
cross-section H = 40 mm with a length of 3 m (75H). The length of the inlet was chosen to
allow fully laminar developed flow up to Re = 650 according to literature estimates. As reported
in Shah and London (2014), the entrance length of a square duct for fully laminar developed
flow was described as L/H = C - Re, in which the coefficient C varies between 0.0328 and
0.09. The worse-case coefficient € = 0.09 yields an entrance length of L =~ 59H for Re = 650.
Thus, the inlet with a designed entrance length of 75H (3 m) is enough to obtain a fully devel-
oped laminar flow in our experimental setup. The outlet (main channel) of the T-mixer has a
rectangular cross-section with dimensions of 2H x H (width x height), and it is 25H long. The
flow rates at the two inlets are kept equal, and the mean speed U, (and hence the Reynolds
number) are the same at the inlets and outlet channel because of the geometry.

For feasible manufacturing, the inlet channels of the T-mixer are made of several segments
fabricated with acrylic glass (PMMA). Careful glueing of acrylic glass plates makes the square
channels have a tolerance smaller than +0.25 mm for inlet width and height. Each segment
channel has a length of 500 mm. They are connected through adapters and the connection
parts are sealed with O-rings, polytetrafluoroethylene band and silicon. Note that the inner
corners in the junction region are associated with small radii of curvature, measured smaller
than 1 mm, which has negligible effects on flow behaviour (Thomas and Ameel. 2010). The
outlet channel was also manufactured with the same procedure. The whole setup is supported
by aluminium profiles for better operation and stability. During the assembly and experiments,
the entire setup was carefully levelled using hydrodynamic equilibrium and the symmetry on
both sides of the T junction was also ensured.

The fluid flow is driven at the two inlets by two pistons pushing at the same speed. The maxi-
mum output power of the servo motors is 570 W with a maximum rotation speed of 4980 RPM,
which is precisely controlled via a National Instrument card and the software IndraWorks from
Bosch-Rexroth company. The motors are connected to the end of the threaded shaft of the
linear actuator, and the cart mounting on the actuator moves continuously, as shown in figure
1. Each piston is connected to the cart by a shaft and is driven to push the fluid with the desired
flow rate. The outlet of each piston is connected to an acrylic tank through a rubber tube. These
two equal-sized acrylic tanks have a dimension of 340 mm X 340 mm x 500 mm, and they are
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used to decay the fluid perturbations from the linear driving systems. The outlet of each tank
is connected to the square-cross section inlet (in dimension H X H) through a designed con-

traction nozzle.
(a) 3D sketch

Inlet

(b) Side view (z-y plane)
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Figure 2. (a) A sketch of a T-junction section and coordinates. (b) The dashed line means the position
where PIV measurements are taken.

Particle image velocimetry (PIV) was employed in the present setup for the velocity fields. PIV
technique was used to measure the velocity field at a given location (y/H = 0) in the middle
height of the outlet channel, see figure 2(b). A pulsed Nd: YAG laser system of 527-nm wave-
length (DM50-527 Photonics) with a group of optics was used to generate a laser sheet to
illuminate the flow. A 12-bit CMOS camera (Phantom VEO 640L, 2560 x 1600 pixel?) was
applied to implement two-dimensional PIV measurements as well as image the flow. For PIV
measurements, the whole setup was full of water seeded with 9-13 um hollow glass spheres
of specific gravity 1.03. Vector fields were processed from raw PIV images using LaVision
Davis 10 PIV processing software. The multi-step algorithm is used with interrogation window
64 x 64 pixel® at the initial step reducing to the window 32 x 32 pixel® without overlap at the
final step. The interrogation window at the final step includes approximate 7 dots for accurate
displacement tracking. Machined hardware mounts were used to rigidly fix the camera and
laser sheet orthogonally.

Results and discussion

Fully developed flow

The length of the inlets was designed to allow fully laminar developed flow up to Re < 700
according to literature estimates. For a square duct flow, the fully developed velocity profile is
described as (Shah and London 2014; Chatwin and Sullivan 1982):

_ A v 1 PR cosh(umy/H)] o (nnz
U==-=2 udxzn:l'g'"' n3( 1z [1 cosh(nm/2) ] COS( H )' @)
where dp/dx is a pressure drop and u is the dynamic viscosity of water. It can be derived as

a function of the mean velocity Uy, finding:

_ H?dp 192 w0 1 (nrr)]
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Figure 3. (a) Comparison of velocity profiles between PIV and analytical solution in the left inlet channel
of the T-mixer at Re = 700 and x/H = —2.5. In the inset, the red solid line is the analytical velocity profile
from the square duct flow Shah and London (2014) and the blue hollow circles denote the velocity profile
from PIV results. (b) Comparison of centerline (z/H = 0) velocity normalized by the bulk mean velocity
(Uy) versus developed time t for varying Reynolds numbers. The arrow indicates the direction of the
curves’ transition from Re = 300 to Re = 1100. (c) The critical developed time t. when the centreline
velocity reaches 98% of asymptotic steady state velocity.

In our setup, the fluid is driven by an imposed constant volume flux, note however that in the
laminar regime the results are identical as for fluid driven at a constant pressure drop (e.g.,
Chaudhury et al. 2015). To check the fully developed laminar flow of the present setup, the
PIV technigue is employed in both inlet channels. The measurement is taken in the upstream
positions with a distance 2.5H to the centre of the T-mixer to avoid the effects of the flows at
the T-mixer on the velocity profiles. Figure 3(a) demonstrates the velocity profiles of an inlet
channel when Re = 700. Our measurement results are in very good agreement with corre-
sponding theoretical velocity flow profiles (equation 1 in a square duct, see the inset in figure
3a). When the centerline velocity reaches 98% of asymptotic steady state velocity, here, the
flow is defined to reach a fully developed state (Chaudhury et al. 2015). These results indicate
that the entrance length can guarantee a fully developed laminar flow with Re < 1100 and the
entrance length can be written as L/H = 0.07Re. Besides, the centerline velocities for different
Reynolds numbers are shown in figure 3(b). The required time for each flow to reach asymp-
totic steady state velocity decreases monotonically as the Reynolds number increases. A sim-
ilar varying trend was also reported in a pipe flow (Chaudhury et al. 2015). To guide the exper-
iments below, the critical development times for different Reynolds numbers are extracted and
shown in figure 3(c). According to these findings, we started the following experiments when
the fully developed laminar flow was achieved.
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Figure 4. The velocity field from PIV results when (a) Re = 100 and (b) Re = 160.

When Re = 100, flows are left-right, top-down and accordingly the four vortices are approxi-
mately symmetric, as shown in the PIV results in figure 4(a). After a long-time running of the
experiments, the flow pattern in this range gradually becomes slightly asymmetric, which is
due to thermal convection effects. Because the room temperature is not uniform in space and
has a difference from the water temperature, in the present large-scale setup, it gives rise to a
weak thermal convection circulation and then affects the flow regimes in the T junction. The
studies of this effect are less reported in previous experimental studies because of their small-
scale setups, leading to much smaller Grashof numbers. The physics and effects of the thermal
convection on T-mixer flows are worth to be investigated further and in future experiments, the
temperature will be controlled by e.g. homogenizing the air in the room. We find that for Re >
110, the engulfment flow emerges, which includes both steady and unsteady asymmetric
flows. For example, in figure 4(b), two counterclockwise rotating vortices were observed. Dur-
ing the experimental time, these two vortices remain approximately steady. In different exper-
imental trials, the two vortices are equally likely to occur clockwise and counterclockwise, which
was already observed in Thomas and Ameel. (2010) and confirms that the setup was built to
high accuracy, thus preserving the spatial symmetries of the system.

With the increase of Re, the flow pattern becomes unsteady (periodic). Figure 5 shows the
velocity field at a different time in a period when Re = 280. This regime is characterized by a
periodic shear-layer process at the fluid interface. In the beginning, two vortices are gradually
formed at the left-upper and right-low corners (see figure 5a). Subsequently, two vortices
slowly roll along with the inter-fluid interface, and engulf each other in the centre of the channel
figure 5(b), before the process begins again (a).

Re = 280,¢ =040T ul/Uy  (b) , _Re=280.¢t=0.96T lul/Uy
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Figure 5. The velocity field from PIV results at a different time when Re = 280: (a) t = 0.40T; (b) t =
0.96T.

0
x/H

For 300 < Re < 340, both periodic unsteady engulfment flow and unsteady symmetric flow can
occur, but the likelihood of unsteady symmetric flow increases with increasing Re. For Re >
340 almost all realizations yield symmetric flow but with quasi-periodic temporal dynamics.
Figure 6 shows the velocity field for PIV results when Re = 360. In the figure, four vortices
(clockwise and counterclockwise) stay in the symmetric position leftward and rightward. At a
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different time, these four vortices move quasi-periodically around their positions at the top and
bottom walls, resulting in the centerline of the two streams also tilting along with the time rather
than being strictly vertical. As Re increases, this topology is less likely to be maintained and
instantaneously the degree of asymmetry increases as the flow becomes chaotic. Note that
when the time average is taken, the left-right and top-bottom symmetries are recovered in this
regime (in contrast to the chaotic engulfment regime, which only retains a central symmetry in
average).
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Figure 6. The velocity field from PIV results at a different time when Re = 360: (a) t = 0.17T; (b) t =
0.61T. The oscillation periodicity is approximately extracted.

The frequency f of the periodic and quasi-periodic flow, expressed with the dimensionless
Strouhal number (St), can be compared to the present study by computing St = fH/U,. In
order to quantify periodicity for unsteady flows in the present study, the velocity magnitude |u|
between frame k and frame k + 1 (where k is from 2 to the total number of image frames), was
correlated to that between image frame 1 and frame 2 using

R(k) =1 ———%_1 TN (Juli(mn) — [ule(m,n))?, (3)
where M and N are the number of the velocity vectors along x and z directions, respectively.
Equation (3) is similar to one of the image correlation algorithms, named the Minimum Quad-
ratic Difference method (Gui and Merzkirch 2000). The correlation coefficient along time is
plotted in figure 7(a), in which the periodicity can be observed in 14 advect time units (defined
as t,qy = H/U,). As shown in figure 7(b), between Re = 300 and 340 there is a sharp change
of the Strouhal number, which was attributed to the onset of the symmetric flow. Our experi-
mental results are in agreement with those of Schikarski et al. (2017): as the flow becomes
asymmetric and chaotic, it becomes difficult to extract the main oscillation frequency and longer
experimental runs would be necessary.
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Figure 7. (a) The time correlation of the velocity magnitude when Re = 220 and 360. (b) Strouhal num-
ber as a function of Reynolds number. The data from the simulations of Schikarski et al. (2017) are
shown as black circles.
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Summary

In this study, we designed a large-scale T-mixer with a height of 4 centimetres, which is beyond
the dimensions of mostly used micro-scale T-mixers in the same geometry. The PIV technique
is used in this setup with long inlets. And we found that with carefully operations, the present
setup can achieve the inlets with fully developed laminar flows when Re < 1100 and reproduce
the flow regimes in previous studies with the exact same geometry. But due to the channel
height of 4 centimetres, thermal convection can influence the flow regimes during the experi-
ments. In the next, the whole setup will be improved with adjustments (e.g., isolation between
the setup and room, homogenization of the air in the room) to avoid this effect. Finally, planar
laser-induced fluorescence will be performed and the scaling of mixing down to the Batchelor
scale will be measured.
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