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Abstract

Solid-liquid stirred tanks are widely used in multiphase processes, including bioreactors
for mesenchymal stem cell (MSC) culture, yet simultaneous experimental data for both
dispersed and carrier phases remain limited. Here, a refractive index-matched (RIM)
suspension of PMMA microparticles (d, = 168 um, p, /p; ~ 0.96) in an NH4SCN solution is
studied at an intermediate Reynolds number (Re ~ 5000), low Stokes number (St = 0.078),
and particle volume fractions 0.1 < aj, < 0.5v%. This system was previously established
and studied for the effect of addition of particles on the carrier phase. In this work, a
dual-camera PIV set-up provides simultaneous velocity fields of the liquid and particle
phases in a stirred tank equipped with a three-blade down-pumping HTPGD impeller.
The liquid mean flow and circulation loop remained essentially unchanged with particle
loading, whereas particle mean velocities were lower than single-phase and liquid-phase
values in the impeller discharge. Turbulence levels diverged between phases: liquid-phase
turbulent kinetic energy (TKE) in the impeller region increased modestly with a,, while
solid-phase TKE was attenuated. Slip velocity maps showed that particles lagged the
fluid in the impeller jet and deviated faster from the wall in the upward flow, with slip
magnitudes increasing with a,. An approximate axial force balance indicated that drag
dominates over lift in the impeller and wall regions, while the balance is approximately
satisfied in the tank bulk, providing an experimental benchmark for refining drag and lift
models in this class of stirred tanks.

Keywords: solid-liquid flow; two-phase P1V; stirred tank; slip velocity; mixing; mesenchymal
stem cells

1. Introduction

Multiphase flows occur in nature and in an abundance of industrial processes, such
as aerospace [1], metallurgy [2], and chemical engineering. Within the world of chemical
engineering, examples include crude oil recovery [3], catalysts in chemical reactors [4],
and food production [5]. Dispersed multiphase systems consist of small particles, bubbles,
or droplets that are suspended in a continuous medium. The continuous phase generally
acts as a carrier, often demonstrating turbulent flow, while the dispersed phase can influence
the behavior of this carrier flow [6].

The presence of a dispersed phase in a continuous carrier flow adds challenges to
the experimental characterization, which is essential to understand the interactions be-
tween both phases. The interactions would affect the properties and behavior of the
discrete/dispersed phase and those of the carrier flow. The impacts include alterations on
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local flow velocities, local volume fractions distribution of rigid particles, size distribution
of droplets/bubbles, and local residence time of dispersed phases. The presence of the
dispersed phase could also introduce particle-particle interactions as well as coalescence—
rupture of bubbles/droplets that add complexities to the flow. Other impacts on system
performance could be on the global scheme of things, such as mass and heat transfer rates
and power consumption. Over the years, researchers have developed and tested computa-
tional tools to model interfacial phenomena and interactions [7,8]. However, to validate the
numerical tools and inspire the principal models, recording and collecting experimental
data are a must. Hence, in all cases, developing experimental techniques is essential to
inspect and optimize the process. Several measurement techniques, in addition to modeling
approaches, have been established and documented [6,9].

Experimental techniques for multiphase flows include intrusive probes such as hot-
wire anemometry and electrical impedance probes, which can provide local measurements
of interfaces, void fractions and phase velocities, and can be extended to wire-mesh sensors
for 2D /3D mapping, but the invasive nature disturbs interfaces and particle paths, which
leads to biased errors [10-17]. Nonintrusive imaging methods like shadowgraphy offer
backlit volumetric illumination with effectively infinite depth of field and are well suited
for sizing and 3D tracking in dilute systems, but require long optical benches and are
limited by depth-of-field effects, since objects outside the focal region appear blurred
and affect statistics [18-22]. Additionally, tomographic approaches (X-Ray, y-Ray and
electrical tomography) are used to reconstruct cross-sectional phase distributions from
peripheral measurements, but such techniques are limited to high cost, safety constraints,
and reconstruction algorithms [23-31]. As tomography mainly yields phase-distribution
maps, detailed hydrodynamics are typically captured with laser-based methods such as
PIV and PTV, which measure dispersed and carrier-phase velocities using light scattering
or fluorescence and rely on phase discrimination through image processing, wavelength-
based separation or correlation analysis. These techniques have been successfully applied
to a variety of multiphase configurations, including pipe flows, open channels, jets, sprays,
grid turbulence and stirred tanks [32-40]. A more consolidated review of the developments
of experimental techniques for multiphase flows is provided by Villafafie et al. [41].

Stirred tanks have been numerously investigated so far, but the turbulent charac-
teristics of the multiphase flow inside the tank are still open for debate [42]. A typical
flow type is a solid-liquid one where particles of different sizes are suspended inside the
tank. Only few studies were conducted to simultaneously measure the dispersed and
carrier phases in stirred tanks via PIV. Most studies focused on the effect of the dispersed
phase (addition of particles) on the carrier phase as summarized by Madani et al. [43],
i.e., data on the liquid phase only. In the following, research related to the measurements
of both phases is outlined. A first PIV use in this context was performed by Virdung
and Rasmuson [44] who used glass beads 1 mm in diameter that matched the refractive
index of Benzyl alcohol/Ethanol mixture up to 1.5 v% volume fractions, suspended by the
means of a pitched-blade impeller with a corresponding Reynolds number of Re = 7500.
They showed that the r.m.s. velocities for both phases increased, whereas the velocity
fields decreased overall with increasing particle concentrations. In addition, analysis of
the mean axial slip velocity showed that particles lead the continuous phase in the im-
peller jet area and lag behind in the vertical stream close to the wall. Another study by
Unakdat et al. [45] also used glass sphere particles of a size of 1 mm, suspended in water
and thus without matching the liquid refractive index, reaching a dilute volumetric fraction
of 0.5 v% operating at Re = 30,800. Consequently, the two phases were then separated
by a phase discrimination technique based on the geometrical characteristics of the par-
ticles [46]. Results showed that particle turbulence levels measured at 0.5% were lower
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than the corresponding continuous phase without reports on the slip velocity. Further,
Montante et al. [40] investigated the dilute suspension of 0.2 v% glass particles of sizes
115 and 774 pm in diameter without RIM (refractive index matching) of the liquid phase,
at Re = 88,000 corresponding to a fully turbulent system. Phase separation was based on
optical filters mounted on the cameras. Continuous-phase turbulence was found to reduce
the values of particle settling velocity for the bigger particles, which was also reinforced by
the approximate analysis of the force balance equation of the particles. A recent experimen-
tal study on this manner was communicated by Sommer et al. [47] that dealt with glass and
polyethylene particles with a diameter range of 63—450 and various solid volume fractions.
The camera used for the dispersed particle phase was based on shadowgraphy approach.
The axial velocity of the glass beads, that possessed the highest inertia, was lower than
the liquid mean flow velocity above and below the impeller. Comparisons also revealed
that the axial turbulent fluctuations in the solid phase were lower than in the liquid phase,
and this could be attributed to the huge difference between the depth of field (DOF) of the
shadowgraphy camera (solid) and that of the PIV (liquid). The authors did not disclose
any slip velocity analysis.

It is important to mention that Laser Doppler Velocimetry LDV is also a laser-based
option for simultaneous data collection on solid and liquid flows in stirred tanks. Nouri
and Whitelaw [48] used Diakon particles up to 2.5 v% concentration with size ranging
from 590 to 730 pm to match the refractive index of Tetraline and Turpentine oil mixture
and glass particles with water at dilute concentrations. The experiments were applied to
different geometric set-ups and Re numbers. As a result, turbulence levels in the impeller
stream were lower than the single-phase values (13-15%), with heavier particles exhibiting
lower turbulence levels compared to lighter ones. Additionally, as particle concentration
increased, the axial and radial particle mean velocities dropped by up to 5% in the impeller
stream and 10% in the bulk of the flow. Since the measurement of liquid phase velocities
in the presence of particles was not possible, the apparent relative velocity—which is the
difference between particle velocity and that of the single phase—was discussed. They
found that the apparent relative velocities of the glass particles were larger than those of
the Diakon particles by factors of 2 and 2.5 in the impeller stream and in the bulk region,
respectively. Guiraud et al. [49] analyzed the suspension of glass particles in water at low
volume fraction 0.5 v% and diameter of 253 pm inside a stirred tank. Consequently, the r.m.s.
axial particle velocities were always greater than those measured for the continuous phase,
and the slip velocities were of the same order of magnitude as the terminal velocity
evaluated by classical correlations.

As a reminder, the stirred tank in this work—dedicated for the mesenchymal stem
cell MSC culture—has already been used to investigate practical aspects such as spatial
distribution of microcarriers, just-suspended impeller speed, and the effect of particle
loading on liquid-phase hydrodynamics [43]. Here, the simultaneous data acquisition of
the solid-liquid flow of both phases inside the tank was obtained. That means that the
system consists of microparticles whose density is very close to that of the liquid phase
pp/pr =~ 0.96, a low-viscosity liquid, intermediate Reynolds numbers Re ~ 5000 and a
low Stokes number (St — 0.078 < 1). By the means of two-camera PIV, suspension of
an RIM solid-liquid system was characterized to evaluate the velocities of the particles
and the liquid phase, simultaneously, at various volume fractions (0.1 < a, < 0.5 v%).
The interactions between both phases in terms of turbulence, slip velocities, and eventually
interfacial forces were thus analyzed and discussed.
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2. Materials and Methods
2.1. Experimental Set-Up

The investigated solid-liquid flow properties are exactly the same as those used to
characterize the fluid phase previously [43], i.e., the effect of particle addition on the liquid
phase up to &, = 3 v%. It is composed of PMMA microparticles (Cospheric) of d,, = 168 pm
and p, = 1185 kg/m> and Ammonium Thiocyanate NH4SCN solution of 61 wt% corre-
sponding to p; = 1139.2 4 0.1 kg/m? and y; = 1.94 4- 0.01 mPa.s. The solution was carefully
filtered to remove any insoluble impurities (solid residues). Both phases were matched
for a refractive index RI ~ 1.491. The volume fraction of the particles was systematically
increased until it reached &), = 0.5 v% where significant noise made it impractical to treat
images afterward despite the matching indices of both phases. The noise is evidently related
to the images of particles in this case and not to the liquid phase. The maximum number of
particles would thus be limited, around 1.4 million inside the tank.

As for the stirred tank (see Figure 1), it is made of borosilicate glass with a cylin-
drical body and hemispherical bottom shape, a diameter T = 0.12 m and a height of
H =0.082m (H/T = 0.68). The impeller used is a three-blade axial-down-pumping mode
HTPGD (Pierre Guerin [50]) with diameter D positioned at an off-bottom clearance C being
C/T = D/T = 0.5. The tank is unbaffled but equipped with four dip tubes resembling the
necessary sensors (temperature, pH, etc.), which play the same role as baffles and prevent
the swirling phenomenon (See also Supplementary Materials). The working volume of the
fluid phase is V = 0.7L agitated at N = 150 rpm which corresponds to a full homogeneous
suspension of PMMA microparticles. It is higher than the just-suspended state for all
concentrations used as established by Delafosse et al. [51] on a solid-liquid system with
the same properties. The resulting Reynolds number is around Re ~ 5000, indicating a
relatively turbulent regime.

In addition, the stirred tank was held in an aquarium filled with paraffin oil of
RI & 1.468 (Fauth) to match the wall of the tank refractive index and thus limit the diffrac-
tion in the laser sheet due to the curvature of the body and the bottom side. The temperature
was controlled by the means of an air conditioner inside the operating room (22-23 °C).

T

Figure 1. Geometrical configuration of the tank used equipped with HTPG down-pumping axial
impeller. T=0.12m, H=0.082m. C/T=D/T=0.5.

2.2. Simultaneous Two-Camera PIV

PIV technique was applied to simultaneously capture the continuous/carrier- and
dispersed-phase flow fields in the vertical z-r plane at the center of the tank (measurement
plane as seen in the green area in Figure 2 Left). The field of view captured thus corresponds
to 80 x 60 mm which is half of the tank in the z-r plane. The system represented in Figure 2
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was equipped with two CMOS cameras (FlowSense EO 4M), each with a 16 Hz maximum
acquisition frequency and a 2048 x 2048 pixel resolution. To capture flow images separately,
the cameras were mounted with wavelength-based optical filters. The illumination was
provided by Nd:YAG double pulse laser of 532 nm wavelength operating at 50 mJ. A prism
was located between the two cameras at 45° that allowed a straight vision of the tank for
the “liquid” camera and acted as a mirror for the “solids” camera.

[] Laser

Top view

Figure 2. (Left): Simultaneous PIV set-up associated with a calibration sheet. (Right): Top view of the
PIV set-up with the stirred tank. Liquid camera is equipped with an orange filter (>570 nm). Solids
camera is equipped with a green filter (=530 nm). Laser sheet illuminates the center of the tank right
at the shaft. The gray-dotted lines indicate the measurement plane perceived by the imaging system.

The two-phase flow was seeded with 20 pL Rhodamine-coated-PMMA fluores-
cent tracers (0.25 g/mL initial concentration, Dantec Dynamics v7.3), neutrally buoyant,
with emission wavelength ~ 590 nm, tracer diameter size of d ~ 10 pm and density of
p = 1190 kg/m?>. That being said, phase separation for images relied on the optical filters
as mentioned above: the camera for the continuous liquid phase was fitted with a 570 nm
orange filter that cuts off emissions below this wavelength, whereas the camera for the
dispersed solid phase was equipped with a 530 nm green filter that reflects the laser sheet.
Despite the RIM technique, PMMA microparticles are solely detected due to the presence
of slight mismatches at the interface (between the dispersed phase and the liquid phase)
that permit the high-intensity laser to be scattered by the particles. This point is heavily
discussed in a previous study [43]. Moreover, the particles camera aperture was adjusted
accordingly as a first step to minimize noise capture. The noise treatment is discussed in
detail in the following section. With the time interval between two laser pulses fixed at
At = 1500 ps—limiting tracer displacement in the impeller region to roughly one-quarter
of the interrogation area—the two cameras, synchronized by an encoder, acquired images
at the same instant. A set of 1100 image pairs was finally captured at an acquisition rate
of 15.8 Hz and saved in the Dantec Dynamics software v7.3 for each case to ensure the
statistical convergence of mean velocities and turbulent fluctuations.

2.3. Noise and PIV Treatments

When dealing with two-phase flows, optical separation is not enough for analysis.
Noise treatment is crucial and essential prior to the application of cross-correlations to
obtain vector maps. A step that is sometimes ignored or not shown in the research could
support the reliability of the PIV raw images. First, the efficiency of optical filters was
assessed by comparing images taken with the solid camera with and without fluorescent
tracers (Figure 3). As one may notice, the tracers did not interfere or appear in the solid
camera, as the emission was at a higher wavelength. This is an important check to verify that
the particles tracked during the increase in volume fractions are PMMA particles per se
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and not tracers. Furthermore, considerable impurities can be present in salt solutions
(NH4SCN in this case) and can further alter image clarity and ultimately bias dispersed
phase velocities; therefore, filtering the solution is a paramount checkpoint.

Figure 3. Solids camera snap-shot: (a) Without tracer particles. (b) With tracer particles.

Subsequently, the images registered for each camera were treated differently but with
the same concept of creating a background image that represents noise and then subtracting
the generated background from the raw images. The liquid-phase images followed the
same approach as used before, by computing the minimum power mean grayscale values
from the set of images (also known as a generalized mean) to form a unified background
image. Insignificant noise was found at &), = 0.5 v%, as the presence of PMMA particles
at these levels did not deteriorate the quality of the image, thanks to RIM between both
phases. As previously mentioned, this was validated in a previous study [43]. On the other
hand, for particle-phase images, a background needs to be created for every image. Since
PMMA microparticles were added accordingly up to a, = 0.5 v%, noise propagated with
increasing particle concentration, resulting in either high bright spots or gray areas in the
images. An example is shown in Figure 4 where the generated background is subtracted
from the raw image to eliminate as much noise as possible. The background creation
was based on a sequence of image processing operations: a median filter, an erosion
followed by a dilation, and finally a shock filter, each applied with a 5 x 5 pixel window
(Dantec Dynamics v7.3). Noticeably, near the tank wall, where the laser first hits, low
noise from PMMA microparticles is found, which is confirmed by the black area from the
background image (Figure 4b) in that region. As the laser beam travels farther into the
medium, PMMA-induced noise becomes increasingly prominent, but the four-stage image

processing tool effectively removes this noise.

Figure 4. Instantaneous PIV images from solids camera at a, = 0.5 v%: (a) Raw image. (b) Generated
background filter. (c) Treated image. The impeller is evidently masked prior to obtaining vector maps.

After the image treatment step, the instantaneous velocity maps were obtained for
both phases using the open-source PIVLab toolbox (v3.02) [52,53]. Since the emergence
of this tool, it has been extensively used and validated in various applications [54-57].
Multipass FFT window deformation scheme was used with a final window size of 32 x 32
pixel and 50% overlap, corresponding to a spatial resolution of L;4 = 1.1 mm. The ratio of
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spatial resolution to particle diameter is L;4 /d, = 6.5, which means that it is large enough
to acquire velocity vectors of PMMA particles that appear in the entire IA. Eventually,
spurious vectors would emerge, and a validation step is necessary. For the liquid phase,
the standard deviation (¢) of each vector map was computed; subsequently, any vectors
that deviate from the mean by more than 3-c were disposed. With regard to dispersed
phase, slightly more spurious vectors arose compared to the liquid phase, and the local
median filter approach was thus utilized. Each velocity vector was compared with the
median of the eight neighbours in a 3 x 3 window. This difference was then divided by
the median of the eight differences inside the window to form a normalized residual k.
Vectors that exceeded 3 - k were then removed and considered invalid. More than 99%
of the vectors passed the validation step for the liquid phase and around 97.5-98% for
the particle phase, indicating a high-quality vector field. The results obtained were then
post-processed in MATLAB (R2023b) for further analysis.

2.4. Flow Properties

One way to characterize turbulent levels inside the stirred tank is by estimating the
turbulent kinetic energy TKE. It depends on the fluctuating velocity terms that could be
evaluated using classical Reynolds decomposition 1’ = u — U, where u is the instantaneous
velocity and U is the time-averaged velocity, i.e., the ensemble-average of the 1100 set of
the velocity fields. The mean velocity magnitude of the flow is defined as the square root

of the sum of the squared velocity terms M = 4/ Urz + Uzz. The subscripts r and z denote
the radial and axial terms, respectively, with positive r directed to the right and positive z
directed upward. The origin of the axis is located at the center of the tank bottom.

Note that the fluctuations contain periodic ones produced by the impeller, which
can be isolated using an angle-resolved measurement. This study did not attempt to
produce such information, which could be tackled in future work. In addition, Escudié
and Liné [58] showed that the dissipation rates of mean and periodic kinetic energy were
negligible compared to the dissipation rate of turbulent kinetic energy, so the use of classical
decomposition is sufficient when angle-resolved technique is unavailable. Theoretically,
TKE is half of the trace of the Reynolds stress tensor, which means knowledge of the three
terms of the fluctuating velocity components (radial, axial and tangential), whereas the
experimental set-up employed here is a 2D PIV system. In this case, where the tangential
component is unknown, a pseudo-isotropic scheme may be applied [45,59,60] so that
TKE k = %(uTz —l—ujz) = %(Urmsr2 + Urmsf). The root mean square r.m.s. velocity

Urms = Vu'? also gives a single representative magnitude of these fluctuations. Additional
comments on the Kolmogorov scale and the Taylor microscale could be found in [43].

Lastly, the velocity and turbulent kinetic energy terms are non-dimensionalized by
(ND) and (ND)?, respectively. The non-dimensional terms are denoted by a “*’ as in
M* = M/(ND) and k* = k/(ND)? for instance. Note that this scaling is different from
normalizing by the maximum tangential blade-tip velocity, V;;, = 7ND, which introduces
a factor of 7.

Acquiring data at the same instant with unified spatial resolution opens the door for
further analysis of the flow, specifically the particle—fluid slip velocity. It is the difference
between the velocity of the particle phase and that of the liquid phase on either axis,
that is, the velocity of the particle relative to the local fluid velocity, associated with a
directional term, us = (u, — u;) ﬁ% The directional vector is added to govern the sign of
the momentum transfer between phases [44]. Slip velocities are negative for areas where
the continuous phase leads the dispersed phase and vice versa. The subscripts p and
I are denoted for particles and liquid, respectively; e.g., up . is the instantaneous axial
velocity for the particles. Using the terminal velocity experiments of PMMA particles,
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z/H

z/H

z/H

established previously in a still liquid, the axial slip velocity can be normalized by the
terminal velocity, us/u;.

3. Results and Discussions

First, several instantaneous superimposed vector maps of both particles (red) and
liquid phases (blue) are shown in Figure 5, where one may notice that the velocity vectors
are not perfectly matched, yet not completely diverted. The main difference that could be
spotted is not only the magnitude, but also the orientation of the vectors, i.e., the angle
between the velocity vectors, especially in the impeller region. The extent of such variations
will be further discussed in the slip velocity Section 3.2.
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Figure 5. Case &, = 0.5 v%: Superimposed instantaneous velocity vectors of particles (red) and liquid
(blue) phases for different snap-shots. Geometry is limited here to the impeller region for a clear view
of velocity vectors.
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The scheme presented in Figure 6 is used as a reference in the following sections. It
shows the axial/vertical profiles at r/T = 0.22 and 0.48, as well as an area of 10 x 10 mm,
located at 0.57 < z/H < 0.67 and 0.22 < r/T < 0.32, in the impeller discharge region. The first
vertical profile at r/T = 0.22 passes through the impeller to cover the discharge flow and the
ending phase of the recirculation loop. The second vertical profile at r/T = 0.48, near the
wall, covers the other half of the loop where the up-flow part takes place and where low-
to-moderate values of the properties investigated (e.g., velocity, turbulence) are observed.
These profiles and values locally averaged on the square area will be used for the analysis
in the upcoming sections.

1

5 ---1/T=0.22
0.8 5 —---r/T= 0.48
0.6
L .
N 0.4 5
0.2 .
0 :

0102030405
T

Figure 6. Scheme showing relative cross sections/profile cuts and local area (box) positions for further
analysis. The area/box is located at 0.57 < z/H < 0.67 and 0.22 <1/T < 0.32.

3.1. Flow and Turbulence Analysis

Contour plots in Figure 7 show that the liquid mean velocity is essentially unchanged
from a;, = 0 to 0.5 v% (panels a-b, respectively), whereas the solid phase mean velocity at
ap = 0.5 v% (panel c) is reduced in the impeller discharge region. Both the fluid velocity
contours (with and without particles) and the particle velocity contours exhibit the same
down-pumping axial flow in the measured plane. The resulting circulating loop starts at the
lower side of the impeller tip and extends toward the wall where the flow changes its direc-
tion upward to finally close the loop at the upper side of the impeller tip. It is apparent that
the values of the mean velocity at the end of the loop above the impeller tip are consistently
higher than those near the wall. This difference arises from the impeller pushing the flow,
which entrains fluid and particles from the upper region as it sweeps through the volume.
The center of the loop is located between 0.3 <r/T < 0.4 and 0.65 < z/H < 0.75. Under the
impeller, there is a region of almost stagnant flow in the measurement plane, where the
unmeasured off-plane tangential flow is predominant. The maximum velocity magnitude
in the impeller discharge is around 1.1ND = 0.35V};,, for both liquid phases. On the other
hand, the contour plot of the mean velocity of the solid phase at a) = 0.5 v% possesses
lower values in the impeller stream (Figure 7c) around 0.85ND = 0.27V};, compared to the
former contours. Note that the mean velocity vectors (white) of each corresponding case
are also plotted in the contour images.
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Figure 7. Non-dimensional mean velocity magnitude of the flow M*, scaled by (ND): (a) Single-phase
flow, (b) liquid phase for &, = 0.5 v%, (c) solid phase for a, = 0.5 v%. The corresponding mean
velocity vectors are added to each contour plot. Color-bar: M* = M/ (ND).

For a more detailed, quantitative comparison, the velocity profiles are shown in
Figures 8 and 9, arranged according to the scheme presented previously in Figure 6.
The evaluation is between single phase (without particles) on one hand, and liquid phase
and solid phase at the maximum solid concentration reached «;, = 0.5 v% on the other
hand. Figure 8 shows the mean radial (Figure 8 Left) and axial (Figure 8 Center) velocities,
U, and U,, respectively, as well as the velocity magnitude (Figure 8 Right) M* along the
vertical profile at r/T = 0.22. As mentioned above, this profile passes through the impeller
jet stream. For the mean radial velocity, negligible variations are found for the liquid phase
with aj, = 0.5 v% and without particles. The solid phase at ), = 0.5 v% also exhibits the
same behavior except for the impeller discharge at 0.6 < z/H < 0.65, where mean radial
values drop by 12%. Moving to the mean axial velocity, at 0.6 < z/H < 0.65, single phase
carries higher mean axial values than that of liquid phase at ), = 0.5 v% with a drop of 13%,
whereas the particles’ mean axial velocity at the same concentration hold even lower values
in the same region, with 11% decrease from that of the liquid phase and a maximum of
20% decrease from that of the single phase. Otherwise, the three examined cases are almost
identical elsewhere in the profile plot. The combination of radial and axial terms into mean
velocity magnitude further demonstrates the differences observed between solid and liquid
phases in the same region 0.6 < z/H < 0.65, with a maximum damping of 18%. Aside from
the impeller region, the local velocity magnitudes remain essentially unchanged by the
addition of particles.

Near the wall, at r/T= 0.48, where lower velocities are present, small differences can
be noticed on Figure 9. For the mean radial velocity term U, (Figure 9 Left), liquid phase at
ap = 0.5 v% is slightly greater than that of single phase and dispersed phase by ~ 12% along
the z-axis at 0.6 < z/H < 0.65 and 0.8 < z/H < 0.9. However, for the mean axial velocity
term (Figure 9 Center) and velocity magnitude (Figure 9 Right), particles lead the liquid
phase without and with aj, = 0.5 v% fractions along the z-axis by ~ 10%. Although the
variations at r/T = 0.48 are considered not as significant as those at r/T = 0.22, one may
notice that the behavior near the wall is opposite to that in the impeller region, where the
particles lead in the zone near the wall and lagged behind in the impeller vicinity. Note
that a radial plot is reported in Appendix A in Figure Al.
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Figure 8. Non-dimensional mean velocity profile plots at r/T = 0.22, scaled by (ND): (Left) Mean
radial velocity U,. (Center) Mean axial velocity u;. (Right) Mean velocity magnitude M*.
O: Single phase, [: Liquid phase at a, = 0.5 v%, A: Solid phase at a = 0.5 v%. Gray-shaded
area corresponds to tank edge; outside the measurement plane.
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Figure 9. Non-dimensional mean velocity profile plot at r/T = 0.48, scaled by (ND): (Left) Mean
radial velocity U, . (Center) Mean axial velocity u.. (Right) Mean velocity magnitude M*. (): Single
phase, [: Liquid phase at ap = 0.5 v%, AA: Solid phase at &, = 0.5 v%. Gray-shaded area edge; outside
the measurement plane.

Moving on to the turbulence levels, more clear and obvious differences are spotted
in the contour plots of Figure 10. The figure shows the mean turbulent kinetic energy
TKE k* of the single-phase flow (Figure 10a), liquid phase at ), = 0.5 v% (Figure 10b)
and solid phase (Figure 10c) at the same particle volume fraction. The TKE attains its
maximum value in the flow discharge region and progressively decreases toward the wall,
as expected. This covers the bottom-half of the flow circulating loop. In the last phase of the
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circulating loop, above the impeller, low quantities of turbulence are also depicted. When
comparing the liquid phases with and without particles, the TKE just at the blade tip is
consistent with a maximum value reaching kj = 0.3(ND)? ~ 0.03V3, while in the area
around it, liquid-phase turbulence with &, = 0.5 v% has slightly higher magnitudes. As for
the solid-phase turbulence at a, = 0.5 v%, the behavior is clearly different, where TKE
is much lower in the impeller vicinity compared to both liquid cases, averaging around
ky = 0.2(ND)* ~ 0.02V},,
peak, highlighting a visible damping effect of particle addition on solid-phase turbulence.

that is, 1.5 times lower than the corresponding liquid-phase
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Figure 10. Non-dimensional mean turbulent kinetic energy TKE k*, scaled by (ND)?: (a) Single-phase
flow, (b) liquid phase for «; = 0.5 v%, (c) solid phase for &, = 0.5 v%. Color-bar: k* = k/(N D)2

In order to further analyze the observed phenomenon in the contour plots, the same
approach as the flow velocity is used to compare the profile cuts at the positions mentioned
previously in the scheme of Figure 6. These profiles are depicted in Figure 11 and Figure 12
atr/T=0.22 and r/T = 0.48, respectively. Recall that at r/T = 0.22 is the axial cut that passes
through the impeller region; Figure 11 shows the root mean square r.m.s. velocities of the

radial (Figure 11 Left) and axial (Figure 11 Center) terms, Urms, and Urms_, respectively,
as well as the turbulent kinetic energy TKE (Figure 11 Right) k*. Generally, the liquid-phase
turbulence levels slightly edge over the single phase and solid phase at 0.5 < z/H < 0.65 in
all examined terms. For the radial term), differences reach 12%, whereas for the axial term,
liquid phase with and without particles plots are relatively coincided, and the recorded
differences are around 15% higher than the solid phase. Eventually, the drop in turbulence
levels between liquid phase and solid phase at ), = 0.5 v% increases up to 30% for TKE
plot in the same region 0.5 < z/H < 0.65. A minor damp is also observed for the single
phase by around 10% at that position; this was observed in the contour plot of Figure 10
and previously established by another work [43].

On the wall side, where low levels of turbulence appear, a profile cut at r/T = 0.48
is covered in Figure 12. The radial r.m.s. velocity plot Urms, (Figure 12 Left) highlights
that the solid phase values at ), = 0.5 v% surpass those of the single phase and liquid
phase at the same concentration by 28%. This effect is drastically diminished for the axial
term W: (Figure 12 Center), where the three plots are almost overlapping. At last,
the resulting TKE (Figure 12 Right) k* reveals a 15% increase for the solid phase near the
wall; however, the values at that position are very low, and, thus, the difference could be
considered insignificant.

To examine the extent of the change in turbulence levels in the impeller region, a local
average area is outlined. The idea is to spatially average the TKE in that region of interest,
instead of showing several profile plots. This allows us to trace any possible effect over the
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particle volume fractions examined. The position of this area/box is depicted in Figure 6.
The results shown in Figure 13 are the locally averaged TKE k* values as a function of
particle loading «, for both carrier and dispersed phases. As previously reported, a 10%
increase in turbulence is noticed for the liquid phase, from particle-free to a, = 0.5 v%.
This slight augmentation starts at ), = 0.4 v%, while it is the same levels of turbulence
for other cases. Conversely, TKE values decline substantially between a, = 0.1 v% and
0.5 v% by 25% in the impeller region. Upon comparing both phases, it is noticeable that at
ap = 0.1 v%, particle turbulence is marginally higher than that of the liquid part, within the
experimental deviations. Increasing the volume fractions to aj = 0.2-0.3 v% diminishes any
variations, while from «a;, = 0.4-0.5 v%, the liquid phase possesses higher values, as seen
previously, with differences being 12% and 30%, respectively, in that region.
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Figure 11. Non-dimensional turbulence terms profile plots at r/T = 0.22, scaled by (ND)?: (Left) Mean
radial r.m.s. velocity Urms, . (Center) Mean axial r.m.s. velocity Urms:. (Right) Turbulent kinetic
energy TKE k*. (O: Single phase, [J: Liquid phase at &, = 0.5 v%, A: Solid phase at ) = 0.5 v%.
Gray-shaded area corresponds to tank edge; outside the measurement plane.
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Figure 12. Non-dimensional turbulence terms profile plot at r/T = 0.48, scaled by (ND)?: (Left) Mean
radial rm.s. velocity Urms, . (Center) Mean axial r.m.s. velocity Urms,. (Right) Turbulent kinetic
energy TKE k*. O: Single phase, [I: Liquid phase at &, = 0.5 v%, A: Solid phase at a; = 0.5 v%.
Gray-shaded area corresponds to tank edge; outside the measurement plane.
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Figure 13. Local average of non-dimensional turbulent kinetic energy TKE k* scaled by (ND)?; it
is averaged in the area/box depicted in Figure 6 in the impeller region, as a function of different
volume fractions a v%. (O: Single phase, [: Liquid phase, AA: Solid phase.

Interestingly, one can replot a comparative axial profile cut at r/T = 0.22 between the
standout cases. Figure 14 reveals the ratio of TKE of the solid phase to that of the liquid
phase k;; /kj for ap =0.1,0.4 and 0.5 v%. For reference, a solid vertical line is also shown
as a unity. For a) = 0.1 v%, the ratio k;,/kj is generally higher than 1, and it could reach
1.2-1.4 times in the impeller stream, only to drop to 0.95 at 0.4 < z/H < 0.6. However,
at ap = 0.4 and 0.5 v%, the ratio k;,/kj is always lower than 1, varying around 0.85. At
0.4 < z/H < 0.6, the TKE ratio drops even lower for &), = 0.5 v% to reach 0.5. This means
that TKE of the dispersed phase drops 50% compared to that of the liquid phase in this
segment. Few researchers revealed the same response of particles in terms of turbulence
levels. Unakdat et al. [45] noticed a drop in r.m.s. intensities with increasing volume
fractions (at ap = 0.5 v%). Sommer et al. [47] also reported a drop in the turbulence levels
of the solid phase, with values always lower than that of the liquid phase (at &) = 0.1 v%),
whereas Virdung and Rasmuson [44] observed an opposite pattern, where turbulence levels
for both solid and liquid phases increased with the addition of particles (at ay = 1.5 v%).
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Figure 14. Ratio of particle-to-liquid turbulent kinetic energy TKE k;‘, /kj profile plot at r/T = 0.22.
x:ap =01v%, x:ap=04v%, +: ap =0.5v%.
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3.2. Slip Velocity

As discussed previously, the slip velocity quantifies the relative motion between the
dispersed particles and the carrier fluid. In this section, we present the differences in slip
velocity values, which could be further influenced by the vector orientation of each phase in
the 2D vertical plane. In some areas, mainly in the impeller, wall, and bottom regions, few
distinctions are noticed in terms of angle deviations between the velocity vectors of each
phase, which can be referred to in Figures A2 and A3 (see Appendix A). In Figure 15, the slip
velocity divided by the terminal velocity of particles in still liquid Us/U; is shown as a
contour plot. The first row represents the case a, = 0.1 v%, while the second corresponds to
the case a, = 0.5 v%. Column-wise, from left to right, the contours are listed as radial, axial,
and magnitude, respectively. The effect of increasing the particle loading is then discussed
for each term. Note that the value of U; is estimated from independent settling experiments
following Delafosse et al. [51]; the resulting value is around 6.5 x 1074 m/s.

For the radial term, an interesting behavior is noticed in the impeller region,
from ap =0.1v% (Figure 15a) to &) = 0.5 v% (Figure 15d). In Figure 15a, in the im-
peller region, specifically at 0.5 <z/H < 0.7 and 0.2 < r/T < 0.3, radial slip velocity is split
into a positive sign reaching 10U} in the upper area and a negative sign in the lower area
around —5U;. Recall that the biggest impact is near the center of the circulating loop, where
lower velocities exist (Figure 7). Nevertheless, the particle leads radially in that region
toward the wall and lags behind the liquid phase below that area. Regarding Figure 15d,
the phenomenon is almost diminished; the positive sign region near the center of the loop
drops to 1.5U;, whereas in the region corresponding to the flow stream, the radial slip
velocity increases to —10U;. It is worth mentioning that near the surface, at z/H ~ 1, high
radial slip velocities are found, which could be attributed to some experimental deviations
there. Globally, for both cases, the radial slip velocity varies between —U; and U;.

Concerning axial slip velocities for a = 0.1 v% and 0.5 v%, the corresponding contour
plots are shown in Figure 15b and Figure 15e, respectively. Visually, the effect of rising
particles concentration is clearer in the impeller stream zone. An increase in axial slip
velocity is observed up to —10U;, as well as an increase in the area. That is, the axial slip
also increased with increasing particle concentration. Markedly, the negative sign means
that particles are slower in the impeller flow stream than the carrier fluid. In contrast,
near the wall where upward flow takes place, particles deviate faster from the wall to the
domain than the fluid, especially with a), = 0.5 v%. A further discussion on this matter
follows shortly thereafter. Overall, similar to the case of the radial term, the axial slip
velocities shift between —U; and Uj;.

In Figure 15¢ and Figure 15f, the slip velocity magnitude is displayed, which combines
both axial and radial slip terms, for a, = 0.1 v% and 0.5 v%, respectively. An increase in
the mean slip velocity is noticed with the increase in particle volume fractions, specifically
in the impeller and wall zones. This is in agreement with Sardeshpande et al. [61] who
demonstrated the same trend of slip velocity data as a function of particle concentration.

Arguably, some studies detected an inverse behavior to the one reported by our
study, where particles lead the fluid phase in the downward-accelerating flow and lag
behind in the upward stage, such as Nouri and Whitelaw [48], Virdung and Rasmuson [44],
and Montante et al. [40] in their experimental point of view, as well as Ljungqvist and
Rasmuson [62] who mentioned that the computational model always predicts that the
particles move downwards more rapidly and upwards more slowly than the fluid phase.
The possible explanation for this could be due to the inertia of particles. However, in their
experimental data, Ljungqvist and Rasmuson [63] also mentioned that the opposite situ-
ation occurs in some parts of the tank. Other authors who reported that the particles are
slower in the downward flow and faster in the upward flow with respect to the fluid phase
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are Giraud et al. [64], Sardeshpande et al. [61], and Sommer et al. [47], who noticed that the
particle axial velocity was lower than the liquid mean flow velocity above and below the
impeller. Since the particles were not fully suspended in the system, the overall decrease
in particle axial velocity could be attributed to the sedimentation of particles. It should
be noted that for all the studies mentioned, the particle size used is on average 4-9 times
greater than the PMMA microparticle size, and the density ratio between both phases is
pp/p1 > 1 much greater than p,/p; ~ 1 used in this study.
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Figure 15. Non-dimensional mean slip velocity data scaled by terminal velocity Us /U for ap = 0.1 v%
(1st row) and ap = 0.5 v% (2nd row). Column-wise: 1st column: Mean radial slip velocity Us /U
(@) ap =0.1v%, (d) ap = 0.5 v%. 2nd column: Mean axial slip velocity Us./U; (b) ap =0.1v%,
(e) #p = 0.5 v%. 3rd column: Mean slip velocity magnitude Us/U; (c) ap = 0.1 v%, (f) ap = 0.5 v%.
Color-bar: Us/ Uy.

Accordingly, additional comparisons with correlations from the literature are in-
voked for a more valid analysis. One is the correlation previously demonstrated by
Pinelli et al. [65] and a suggested modification by Fajner et al. [66] to include the effect of
the density difference between the dispersed and carrier phases and some adjustments to
the correcting terms

05
Us _ o6+ 032 tanh{19 VA (p”p’> - 1} (1)
U dp P1

where 7 is the Kolmogorov length scale, and U; and Uy are the settling velocities in turbulent
and quiescent fluids of the empirical model, respectively. Note that Us in definition, is
referred to as the slip velocity, which is essentially the effective settling velocity of the
particle in a turbulent fluid. Another correlation proposed by Lane et al. [67] where the
effect of turbulence on the drag coefficient was correlated in terms of Stokes number

Us
t

=1 — 1.45t% exp(— 0.6 5t) )

The Stokes number St used in their model relates the particle relaxation time to the
integral time scale of the carrier fluid and not to the Kolmogorov time scale. The key
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parameter between the two models is that Equation (1) depends on the length scale ratio
(n/dp) of the domain, whereas Equation (2) contains the time scale ratio (St), which permits
more valid comparisons. Note that the required characteristic scales of the system, i.e., the
Kolmogorov length scale and the integral time scale, were estimated from the mean power
dissipation based on the impeller power number (Np = 0.67 [68]).

Aside from the impeller and wall regions where high differences appeared, both radial
and axial slip velocities are in good agreement with the proposed correlations. The spatial
average for the radial and axial slip velocities divided by the terminal velocity U,/ U; of
the experiments leads to 0.7 and 0.85, respectively, for both a, = 0.1 v% and 0.5 v%. Even
when the domain is averaged, including the high-slip-velocity zones, the total average
increases to Us /Uy = 0.9 and 1.1 for radial and axial terms, respectively. On the other hand,
the correlations would predict 0.92 and 0.96 for Equation (1) and Equation (2), respectively.
This suggests that U/ U;, on average, is less than unity. Taking into account exclusively the
impeller zone, the slip velocity is higher than the values predicted by the literature, which
could be attributed to the acceleration phase experienced by the particles.

Previous authors reported high slip velocities in the impeller region for different radial
and axial flow geometries. In the experiments of Montante et al. [40], they noticed the same
order of slip velocity in the high-accelerating-flow zone Us/U; > 10. Within the realm of
CFD work and validation, Derksen [69] observed a dominance of high slip velocity in the
impeller zone, and all drag models used were able to capture this behavior. Ljungqvist
and Rasmuson [62] found that the enhanced drag model utilized [70], which accounts for
free-stream turbulence, resulted in a severe underestimation of radial and tangential slip
velocities and overestimation of the axial slip, whereas Sardeshpande et al. [61] indicated
that drag correlation proposed by Brucato et al. [70] overpredicted experimental axial
slip velocity near the impeller region. Consequently, it was more appropriate to use the
measured local slip velocity to evaluate and modify different interphase drag correlations.

3.3. Contributing Forces

Furthermore, the slip velocity data obtained from the experiments are incorporated
into the force balance equation (Equation (3)) of a single spherical particle, suspended in
an unsteady and non-uniform flow field [71,72]. The tentative evaluation of the contribut-
ing forces was only approached experimentally by Montante et al. [40]. As the authors
explained, various assumptions were made: the contribution of the tangential velocity
component, wall interactions, shear rate forces, and the effect of the rotation of particles are
not considered. Thus, the scalar force balance equation in the vertical direction z using the
mean velocity data can be approximated as follows:

— dUp,Z -— dil’
_ppup,ZT—i_plul,Z dZZ—PM—FL—FD_(Pp_Pl)SZO 3)
_ du — du
Fyv = p CM<up,z sz U, dzl'z>,
_ _ (du,, du,
FL:PICL(up,r_ul,r)< dzr_ drz)[
3 Cp — . p— —
Fp =~ o1 =P (up,z - ul,z)’up,z - ul,z
4,

From left to right, the contributing forces are particle inertia, liquid pressure gradient,
virtual added mass, lift, drag, and finally the combination of gravity and buoyancy forces.
The equation is divided by the unit volume of a single particle; thus, the unit of forces is
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N/m?3. The coefficients Cj;, C; and Cp represent the added mass, lift, and drag, respectively.
The particle lift coefficient is based on Saffman correlation only, since PIV cannot provide
information on the rotation of particles, while particle drag coefficient is based on the Oseen
model [73]. The various estimated terms of the force balance equation are approximate, yet
valuable insights are obtained for a better understanding of the system.

Figure 16 shows the contributions of the different forces in the approximate scalar
equation for the case a = 0.5 v%. The terms are listed as in (Equation (3)), starting with
particle inertia, then fluid pressure gradient, added mass, and lift force. These terms
are found in the first row of the figure as they share the same scale. In the second row,
the drag force, which is higher than the rest, is found alongside the total sum of the forces,
i.e., Equation (3) per se. Note that the sign of each term in the equation (+ve or —ve) is also
added to the graphs.

Regarding particle inertia and fluid pressure gradient presented in Figure 16a and
Figure 16b, respectively, they are closely identical. The significance of these two terms is
spotted in the four phases of the circulating loop: acceleration phase in the impeller vicinity,
the start of the upward movement near the wall, the second phase of the upward flow,
and the end phase on top of the impeller. The values are around 1000 and —1000 N/m?,
which is three times less than lift force effect.

The virtual mass force (added mass) shown in Figure 16¢ has no contribution to the
domain, as the map is almost nil everywhere. This phenomenon is expected, especially for
a system with microparticle size and density that is highly close to the carrier fluid.

As for the lift force depicted in Figure 16d, it is dominant in the impeller and wall
regions, where vorticity and radial slip velocity act mainly. Note that the lift term could
be highly approximated, since the tangential component is unknown; this leads to the
approximation of the vorticity term and eventually only the axial lift force is evaluated.
In addition, there is no information on the rotation of microparticles, i.e., particle angu-
lar velocity, which is impossible to measure using PIV. This information would further
contribute to the lift force (Magnus force [69]). The effect of lift and added mass is often
ignored and reported to have no considerable contribution to solid-liquid hydrodynamics
in stirred tanks, with a positive constant coefficient used, which is Cy, = 0.5, and the lift force
is much smaller than the drag force [62,74,75]. This coefficient value is valid for free-slip
spheres, but likely inapplicable for no-slip surfaces, as the lift generation mechanisms
are fundamentally different [76]. Moreover, Derksen [69] mentioned that the flow in a
stirred tank is very inhomogeneous, making it difficult to estimate a priori if forces, such
as lift, play an important role. That being said, the assessed lift force, using the Saffman
coefficient Cy, is three times higher than that of particle inertia and fluid pressure gradient,
varying between —2000 and 3000 N/m?3.

On the other hand, the estimated drag force is 3-5 times higher than that of the lift
force, as can be seen in Figure 16e. This effect was noticed by Montante et al. [40], but with
one order of magnitude higher than the lift force. Note that the authors estimated the
drag force using the Schiller and Naumann standard base drag model [77], which was
in turn modified by adapting the average of Equation (1). For that reason, and since the
particle Reynolds number in this work is Re, < 3 (Figure A4 in Appendix A), the choice of
Oseen’s drag coefficient is adapted [73] instead of Schiller and Naumann (for Re, < 1000).
The main regions of drag are in the impeller region and near the wall, where the high axial
slip velocity dominates, ranging between —10,000 and 10,000 N/m?.

The total sum of the forces of Equation (3) in the axial direction is finally presented in
Figure 16f. Noticeably, the sum is far from nil in the impeller discharge and the wall region,
where turbulent dispersion forces and wall interactions are missing from the equation,
which are important for modeling multiphase flows, and, hence, the evaluated drag force
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prevails, whereas in the bulk of the tank, the sum varies around zero and the equation
is satisfied. For flows near the wall region, Sommerfeld et al. [78] reported that a drag
enhancement may occur in that region and another study by Shi and Rzehak [79] found
that a wall-lift force effect was presented and directed away from the wall. It is important
to bear in mind that the equation remains a tentative approximation, as the absence of data
on the tangential term, as well as the hypothesis of steady flow, further contribute to the
mismatches. Montante et al. [40] also reported the same phenomenon in their experimental
attempt, also stating that the scalar Eulerian information was adopted for the estimate of
Lagrangian terms.

1 (@) P— R 19 —) 3000
0.8 0.8 0.8 08 3 ‘ 2000
- 0.6 & - 0.6 - 0.6 T 0.6 \ 1000
N 0.4 N 0.4 N 0.4 N 0.4 0
0.2 0.2 0.2 0.2 1000
0 o+ o 0 -2000
01 03 05 0.1 0.3 05 0.1 0.3 05 01 0.3 05
r/T r/T r/T r/T
1. © 1 10000
. .
0.8 ] ‘ 0.8 ‘ 5000
=058 -+ 068 “ )
N 0.4 N 0.4
0.2 0.2 -5000
0 0 -10,000
0.1 0.3 0.5 0.1 0.3 05
T /T

Figure 16. Contour plot of the axial force balance terms and the total sum of Equation (3) for
ap = 0.5 v%. 1st row: Unified scale/color-bar (a) inertia (b), pressure gradient (c), added mass (d), lift
force. 2nd row: Unified scale/color-bar (e) drag force (f), total sum of Equation (3). The associated

sign of each term (—ve or +ve) inside the balance equation is embedded within the contour plot.
Color-bar: N/m3.

Drag models have been extensively studied in the literature and embedded in com-
putational tools, where it has been proven necessary to include the effect of turbulence on
the modeling of drag force in stirred tanks [80]. The appreciable effect of turbulence on
the mean drag force resulted in various correlations that depend on the characteristic time
and length scales of the domain. The review by Balachandar and Eaton [81] indicates that
multiple mechanisms operate and various phenomena emerge under particular conditions;
nevertheless, a full comprehensive understanding has not yet been reached. Equations (1)
and (2) are examples, and several others can be found in the review by Shah et al. [80].
Since PIV resolution cannot provide information on the Kolmogorov scales, the use of
some empirical drag models is only limited to the mean dissipation from power number
equation, and, thus, only averaged values are resolved instead of local maps, as approached
by Montante et al. [40].

The debate on which correlation adequately fits the slip data could be rather treated
with CFD as a future endeavor, as approached by Sardeshpande et al. [61]. Since the ratio of
Us/U; > 10 in the impeller discharge zone, it is important to pay attention to the turbulence
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intensity quantified there. Recently, Shi and Rzehak [82] highlighted that the use of the
drag modification factor from Lane et al. (Equation (2)) resulted in a significant impact of
the lift force on the results. Hence, for any CFD validation, a complete model is suggested
to account for possible effects of lift, virtual mass, turbulent dispersion, and any modified
drag force.

4. Conclusions

A dual-camera particle image velocimetry PIV (2D-2C) technique has been used
to map the hydrodynamics of microparticles PMMA suspension of 0.1 < &, < 0.5 v%
in an axial mixing stirred tank. The tank is a physical analog of the bioreactor used to
culture stem cells within the imposed configuration [83]. Thus, the system has unique
specific properties that match the world of stem cell culture: microparticles of microcarrier
size d, = 168 um and a highly close density between the dispersed and carrier phases
pp/p1 =~ 0.96. The simultaneous measurements of both phases allow one to track the effect
of particle loading on mean flow, turbulence, slip velocities, and a tentative evaluation of
interfacial forces.

The mean flow remained quasi-invariant with the addition of particles, with a slight
10% shift in momentum between single phase and &, = 0.5 v% of the liquid phase. However,
solid-phase velocities were slower than those of single phase and carrier phase at the same
concentration &, = 0.5 v% (approximately 20% in the impeller discharge zone). It was
also noticed that, for solid phase, mean flow structure (circulating loop) differed between
ap = 0.1v% and 0.5 v%.

Turbulence levels were found to diverge sharply between both phases. In the impeller
discharge, liquid-phase turbulent kinetic energy TKE rose modestly (10%) from single
phase to & = 0.5 v%, while the solid-phase TKE fell by 25% in that region, and reached up
to 50% at maximum levels. The TKE ratio between particles and liquid phases revealed
that for ), = 0.1 v%, particles possess slightly higher turbulence. The ratio then decreased
drastically at &), = 0.5 v% so that the liquid-phase turbulence was 50% higher than that of
the solid phase. Near the wall, where turbulence levels are low, the radial r.m.s velocities of
the solids were approximately 30% higher than those of the liquid phase, but the differences
became marginal on the TKE side.

Analysis of the slip velocities showed that the particles lag behind the carrier phase in
the impeller stream and deviate faster in the wall region. In addition, the slip velocities
increased with the increase in the volume fraction of particles. Comparisons with corre-
lations from the literature indicate good agreement, which confirms the modification of
settling velocity due to the turbulence of the liquid phase, especially in the bulk of the tank.
In the impeller and wall regions, slip velocities are much higher than in the bulk. Both
experimental investigations [40] and numerical simulations [69] proved the extent of the
high slip velocities in these regions.

In contrast to CFD tools, slip velocities were used directly to approximately evaluate
the force balance equation of the particles. Using the Oseen drag coefficient, the drag
force was 3-5 times higher than the lift force. Drag and lift forces were dominant in
the impeller discharge and wall regions, where slip velocities are high. In the tank bulk,
the tentative force balance of the particles is approximately satisfied; i.e., the sum of forces
varied around zero. The review by Balachandar and Eaton [81] demonstrated that drag,
lift and turbulent dispersion all vary with local strain and vortex topology. Hence, a CFD
approach is necessary to compare with the present maps, by adjusting and modifying
drag-lift-dispersion models [61]. This will be the next step within this research group in
developing and validating further insights into the hydrodynamics for this type of stirred
tank including angle-resolved measurements using a high-speed camera to enable direct
comparison with the present time-averaged fields.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fluids11010017/s1, Figure S1: Back-side of the tank, opposite
to camera view. Dip tubes (sensors analogue) are highlighted; Figure S2: Tank under N = 150 rpm
with PMMA particles and laser on. Video S1: A video of the tank under N = 150 rpm with PMMA
microparticles. The video (gif format) is captured from the same side of the laser sheet (perpendicular
to the camera field).
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IA Interrogation area

LDV  Laser Doppler Velocimetry
MSC  Mesenchymal stem cell

PIV  Particle image velocimetry
PTV  Particle tracking velocimetry
RI Refractive index

RIM  Refractive index matching
rms  Root mean square

TKE  Turbulent kinetic energy
Particle volume fraction, —
Energy dissipation rate, m? /s>
Dynamic viscosity, Pa.s
Density, kg/ m3

Kolmogorov length scale, m
Impeller clearance, m

o
90 D= 2

Impeller diameter, m
Particle diameter, m
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=

Liquid height, m
Turbulent kinetic energy, m? /s2
Non-dimensional turbulent kinetic energy, —
Integral length scale, m
Mean velocity magnitude, m/s
* Non-dimensional mean velocity magnitude, —
Impeller speed, rpm
Tank diameter, m
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Power input, W
Py Power number, —
r Radial coordinate, m
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u Mean velocity, m/s

u Fluctuating velocity, m/s
| Fluid volume, m3
z Axial coordinate, m

Re Reynolds number, —
St Stokes number, —
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Figure Al. Non-dimensional mean velocity profile plots at z/H = 0.7, scaled by (ND): (Left) Mean
radial velocity U,. (Center) Mean axial velocity U,. (Right) Mean velocity magnitude M*.
O: Single phase, [J: Liquid phase at ap = 0.1 v%, §: Solid phase at ) = 0.1 v%, AA: Liquid phase at
ap =0.5v%, V: Solid phase at a, = 0.5 v%. Gray-shaded area corresponds to impeller; outside the
measurement plane.
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Figure A2. Contour plot of mean/average angle deviations between solids and liquid velocity
vectors Af in degrees °. solid-phase vectors act as a reference. +ve angle: Particle velocity vector is
oriented counter-clock-wise CCW from liquid velocity vectors (9. —ve angle: Particle velocity vector
is oriented clock-wise CW from liquid velocity vectors O. Color-bar: A in degrees °.
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