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Abstract

The interaction between particles and turbulent flow is investigated by simultaneous measurement
of the time-resolved three-dimensional (3D) velocity of particles and the carrier liquid phase. The
investigation is conducted in a horizontal channel flow at a Reynolds number, Re, of 20,000, based
on the average velocity and full channel height. The particle-laden suspension is produced by
nearly neutrally buoyant beads with a density of 1.05 g/cm® and a mean diameter of 370 pm at a
volumetric concentration of 0.1%. The liquid phase is seeded with 2 pum tracers, the images of
which are digitally separated from the larger beads using a medina filter, and processed using time-
resolved 3D particle tracking velocimetry. Conditional sampling of the beads and their surrounding
fluid, based on the beads’ wall-normal motion, showed that ascending beads were mostly located
within ejection motions of the fluid. However, the descending beads did not indicate any
correlation with the streamwise fluid velocity; the beads were surrounded by wall-ward fluid
motions with both positive and negative streamwise velocity fluctuations. For both ascending and
descending beads, the surrounding fluid motion had a strong spanwise velocity component.
Inspection of the 3D beads’ pathlines showed a spiral motion of beads around a streamwise axis.
At y/h < 0.2, the descending beads showed a stronger correlation with their surrounding fluid,
while ascending beads demonstrated a stronger correlation with their surrounding flow farther
away from the wall. Conditional sampling of the beads and their surrounding flow was also
performed based on the streamwise acceleration of the beads. The results showed that, in the near-
wall region of y/h < 0.2, slip velocity and the resultant drag force were not in the same direction
as the bead acceleration. Therefore, for this near-wall region, the drag force is not sufficient to
model the dynamics of the large nearly buoyant beads.
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1. Introduction

The transport of solid particles by turbulent liquid flows occurs abundantly in nature and in
industry; two disparate examples are particle transport in river flows and mining pipelines. In these
particle-laden flows, the mutual forces between the particles and the liquid are critical to particle
deposition and suspension, and erosive wear of the conduit. Therefore, to understand and model
these systems, investigation is required ef—for the motion of both the solid phase and the
surrounding liquid phase.

In turbulent wall flows, suspended particles that are heavier than the liquid phase move
successively towards and away from the bottom wall (Sutherland 1967; Sumer 1974). Sumer and
Oguz (1978) applied a photographic technique and recorded the trajectory of inertial particles over
a smooth surface. They concluded that the ejection motions of the liquid phase-transport the
particles away from the wall and generate a negative streamwise velocity fluctuation (Sumer and
Oguz 1978; Rashidi et al. 1990; Ji et al. 2013). Once the ejection motion attenuates, the suspended
particles gradually approach the wall and may be lifted up again by another ejection motion,
keeping the inertial particles suspended. For inertial particles that are smaller than the viscous
sublayer thickness, Yung et al. (1989) observed that the particles initially slide on the wall and
then are lifted up by ejection motions.

The interaction of particles with the liquid phase has traditionally been investigated based on
whether the particles ascend from, or descend to, the bottom wall. The ascending particles typically
originate from the slower near-wall flow, and therefore have a lower mean streamwise velocity
than the descending particles (Nino and Garcia 1996). To scrutinize the relation between the
particles’ motion and the surrounding fluid, Kiger and Pan (2002) performed a simultaneous planar
particle image velocimetry (PIV) of inertial particles and their surrounding liquid flow. They
confirmed a preferential accumulation of ascending particles in the ejection motions, while less
accumulation of descending particles was observed in the sweep motions of the liquid phase.
Lelouvetel et al. (2009) showed that the quadrant distribution of liquid velocity fluctuations around
the descending particles was similar to that of the unladen flow, suggesting a lack of correlation
between the descending beads and the liquid phase turbulence. In contrast, more than half of the
ascending particles were located in the ejection motions of the liquid phase, which showed a
stronger correlation between ascending particles and the surrounding fluid. A poorer correlation
of descending beads with sweep motions was also observed by van Hout (2011) in a square channel
flow for nearly neutrally buoyant particles.

A few investigations have shown that suspension of particles is not only accompanied by
ascending and descending motions. The DNS of Brooke et al. (1992) observed that inertial
particles also have a strong spanwise velocity. In an experimental study of polystyrene beads,
Kaftori et al. (1995) associated the ascending and descending motion of the beads to streamwise
vorticity. Using DNS, Marchioli and Soldati (2002) observed that sweep and ejection motions are
generated by the downwash and upwash sides of quasi-streamwise vortices. Their DNS was



carried out for particles smaller than the inner length-scale, and with a Stokes number, St, of 30.
Here, St was calculated as the ratio of the particle response time to the inner time-scale of the
turbulent flow. The volumetric concentration of particles was also 6.0x1073%, which indicates a
one-way coupling where the particles have a negligible effect on the flow statistics (Elghobashi
1991). However, the role of the spanwise motions and quasi-streamwise vortices in transport of
larger particles and at higher volumetric concentrations still has to be evaluated.

The investigation of the turbulent fluid flow surrounding finite-size particles has been limited by
challenges in both numerical simulations and experimental techniques. A large number of
numerical simulations have applied the classical point-particle method for modeling particles that
are smaller than the smallest turbulent eddies present in the flow (e.g. Zhao et al. 2013; Lee & Lee
2019). These investigations have resulted in significant progress for understanding the behavior of
sub-Kolmogorov particles (e.g. Soldati & Marchiolo 2009; Sardina et al. 2012). However, such a
method may not be applicable to finite-size particles since it only considers the drag force, while
forces such as lift, added-mass, and basset history forces are neglected. For an accurate simulation
of flow surrounding finite-size particles, advanced interface-resolved simulations are required (e.g.
Lashgari et al. 2016; Costa et al. 2018). Further, measurement of the liquid phase surrounding
finite-size particles is also experimentally challenging because of blockage effects and strong
reflections of the laser light by the large particles. The few available experiments have also been
limited to a wall-normal-streamwise plane, which does not provide access to the spanwise motion
of the particles and the surrounding fluid.

In the current investigation, we extend the previous analysis to higher particle concentration,
investigate the 3D motion of the surrounding flow, and use the acceleration of particles to elucidate
the momentum exchange of the particles with the surrounding fluid. We suggest that a particle
sampling approach using particle acceleration can be more effective since it indicates momentum
exchange between the particles and the surrounding flow. We have carried out simultaneous 3D
measurement of particles and their surrounding fluid velocity in a suspension of nearly neutrally
buoyant beads in a horizontal turbulent channel flow of water at a Reynolds number, Re, of 20,000.
Large particles with a normalized diameter, dp™, of 26 and St of 2.7 are used. Here, dp* is
normalized by the wall unit. The volume concentration is 0.1%, in which two-way coupling
between particles and fluid is expected. Time-resolved volumetric particle tracking velocimetry
(PTV) based on the shake-the-box (STB) algorithm (Schanz et al. 2016) is performed. This PTV
method makes it possible to perform measurements at high particle volumetric concentrations of
0.1%, in comparison with the previous 3D-PTV measurements in particle-laden flows, such as
Suzuki et al. (2000) at 0.03%, and Oliveira et al. (2013, 2015) at 1.4x103%. Based on their wall-
normal motion and acceleration, the obtained Lagrangian particle tracks are used to conditionally
sample the surrounding fluid. The 3D trajectories of the beads are also inspected for their 3D
motion.



2. Experimental setup and measurements

2.1.  Slurry flow loop

The experiments were carried out in a horizontal flow loop, as shown in Fig. 1. A centrifugal pump
(LCC-M, GIW Industries Inc.) and a variable frequency drive (A510, Teco Electric & Machinery
Co., Ltd.) were used to circulate the flow at a constant flow rate of 2.08 kg/s during the
experiments. The mass flow rate was measured by a Coriolis flow meter (Micro Motion, F-Series)
with an accuracy of £0.10% of the measured rate. Measurements were conducted in a test section
with rectangular cross-section, which had a full height of h = 15 mm in the wall-normal direction
(y), and a width of 120 mm in the spanwise direction (z). The channel sidewalls were made of cast
acrylic, while the top plate was made of glass for better light transmission and reduced image
distortion. The total length of the channel was 2.5 m (166h) in the streamwise direction (x). To
ensure a fully developed turbulent flow, the measurement domain was 1.65 m (110h) downstream
of the channel entrance. The bulk Re was 20,000, based on the full channel height and the average
velocity, Uayg of 1.16 m/s. The friction Reynolds number, Re,, was equal to 1090, defined as u:h/v,
where u. and v are friction velocity and kinematic viscosity, respectively. The flow loop also
utilized a double-pipe heat exchanger to maintain the fluid temperature at 25+0.1°C. Two data
acquisition cards (NI 9211, 9263, National Instrument) were used to record the mass flow rate,
fluid temperature and density (pr) at a sampling rate of 1 Hz, and to control the variable frequency
drive.

For the particulate phase, polystyrene spherical beads with a density (pb) of 1.05 g/cm?, and at a
volumetric concentration (¢v) of 0.1%, were used. The mean diameter of beads (d») was 370 um
with a standard deviation of 35 um. The size distribution of the beads was obtained from 30,000
images with a digital resolution of 69 pix/mm. The images were processed using the ‘imfindcircle’
function (MATLAB R2015b, The MathWork Inc.), which uses Circle Hough Transform (CHT)
(Atherton and Kerbyson 1999) to find the diameter of the beads. About 61% of the data were
within one standard deviation of the mean.

The liquid flow was also seeded with 2 pum silver-coated glass beads (SG02S40 Potters Industries)
at a concentration of 8x10° (% by volume) to obtain the velocity of the fluid phase. These tracers
have a density of 4 gr/cm? and are seven times smaller than the wall unit. Their response time is
1.0 ps with St of 3.2x103, The latter was calculated using the inner time scale of the turbulent
flow, as will be discussed in the following paragraphs.
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Fig. 1. Schematic of the flow loop demonstrating its main components. The inset shows the test
section and the streamwise (x), wall-normal (y), and the spanwise (z) directions. The origin of
the coordinate system is on the bottom wall of the channel.

The analysis of the velocity field is carried out using dimensionless parameters, which are
normalized by outer and inner scales of the turbulent channel flow. The average velocity of unladen
flow across the channel height (Uavg) and the channel height (h) are used as the outer velocity and
length scales, respectively. Inner scaling includes the friction velocity, u,, and the inner length
scale (4) of the unladen flow, which are equal to 0.062 m/s and 14.05 um, respectively. The inner
scaling is obtained using the Clauser method (Clauser 1956), and the parameters normalized using
inner scaling are indicated by a superscript “*>. The turbulent scales are estimated from the 4D-
PTV measurements of the mean velocity profile, as detailed in Section 2.2. The inner length scale
of the flow results in dy™ = dw/A = 26.

The response of the beads to fluid motion is characterized using the Stokes number (St), which is
the ratio of the beads’ response time to a characteristic time scale of the flow. The latter parameter
can be estimated using the viscous time scale z, = v/u, 2, where v is the kinematic viscosity of the
fluid. The bead response time, , is also calculated as (van Hout 2013)

_ (pb—py)di
Tp = T, (1)

where w is the fluid dynamic viscosity. In this equation, the settling velocity of a bead is normalized
by the gravitational acceleration. This equation was used by van Hout (2013) and Bellani et al.
(2012). The estimated time scales are 7y = 0.23 ms and = = 0.62 ms, which result in a bead St of
2.7. This estimation of St applies to the inner layer, since the flow time scale increases with distance
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from the wall. The local St is expected to reach its minimum value at the centre of the channel.
Another approach for estimation of , is to consider the response of the bead to a steady uniform
flow based on m = ppdp?/18u. This equation results in a larger m, and St of 54. The settling
parameter, vs/ U, is about 0.2, showing that the effect of gravity is small. In this parameter, vs is
the terminal settling velocity of the beads and « is the von Karman constant (Sumer and Oguz
1978; Marchioli et al. 2008). The estimated Shields number, (pr u.2)/([pb-pf]dp), is about 15, which
also indicates small gravitational effects with respect to wall shear stress (Miller et al. 1977). For
the current volumetric concentration of 0.1%, the ratio of the mean distance between the beads (S)
to bead diameter (dv), S/db, is 12. According to the criterion suggested by Elghobashi (1991), a
small probability of particle-particle collision exists at ¢v = 0.1%, and S/dy ~ 12. The two-phase
flow at this concentration is also classified in the two-way coupling regime.

The investigations of van Hout (2011) and Shao et al. (2012) were carried out on particle-laden
flows of solid-liquid in horizontal channels, and with similar particle-laden parameters with respect
to the current experiments. Van Hout (2011) experimentally investigated the dynamics of nearly
buoyant polystyrene beads with d,"™ = 12 and St = 0.27. Shao et al. (2012) carried out a direct
numerical simulation of beads with p» ~ 1.5p1, dv/h = 0.025 (the same as the current experiment)
and do" = 10. Both studies showed preferential distribution of beads in the low-speed region,
suggesting its possibility for the current investigation.

2.2.  Time-resolved three-dimensional PTV

A three-dimensional imaging system was used to simultaneously record time-resolved images of
the particle-laden flow from four viewing angles. To distinguish the fluid tracers (2 um) from the
beads (370 pum), a median filter was applied to the images to increase their intensity contrast (Kiger
and Pan 2000). Using a threshold intensity, the filtered images were decomposed to two sets:
images of the tracers and images of the beads. To obtain 3D trajectories of the tracers and the
beads, the two image sets were processed using a Lagrangian 3D particle tracking velocimetry
based on the STB method (Schanz et al. 2016). This method enabled us to obtain simultaneous 3D
measurement of both the solid and fluid phase velocity. Because of both the time-resolved and the
3D nature of these measurements, we refer to them here as 4D-PTV.

The measurement volume was illuminated using a dual-cavity Nd:Y LF laser (Photonics Industries,
dual-head DM-527 series) with a maximum energy of 20 mJ per pulse at a wavelength of 527 nm.
The laser beam was expanded and collimated into a sheet 8 mm thick in the y direction and a width
of 60 mm in the x direction. The laser sheet entered the channel along the z axis through the
sidewall, as shown in Fig. 2. A mirror was located normal to the illumination direction (z axis) to
reflect the light back into the test section to amplify the light intensity and to reduce the intensity
difference between the forward and backward scattering cameras (Ghaemi and Scarano 2010).
Knife-edge filters were attached to the sidewalls to remove the low-energy edges of the laser sheet
and obtain a relatively top-hat intensity profile.



The imaging system consisted of four high-speed CMOS cameras (Phantom v611) with a sensor
size of 1280800 pix. Each pixel of the CMOS sensor is 20x20 pm? with 12-bit resolution. As
shown in Fig. 2, the cameras imaged the measurement volume from the top of the test section
through the glass window. The cameras were arranged in a plus-like configuration at a working
distance of ~35 cm. The aperture angle, defined as the angle between two opposing cameras, was
65". A camera lens with a focal length of f = 105 mm (Sigma) was connected to each camera using
a lens-tilt adapter (Scheimpflug). The aperture size of each lens was set to f/22 to decrease any
astigmatism effect on the particle images. The estimated depth-of-focus was 12 mm, which
covered the thickness of the laser sheet. The magnification of each camera was 0.43 with a digital
resolution of 22 pix/mm, which resulted in a measurement volume of 60x8x40 mm?in x, y and z
directions, respectively. Using a high-speed controller (HSC v2, LaVision GmbH), the cameras
were synchronized with the laser to acquire single-frame images at 6,000 Hz. Five sets of 5,500
time-resolved images were collected.

The initial calibration of the imaging system was performed using a dual-plane 3D calibration plate
and the application of a third-order polynomial mapping function (Soloff et al. 1997). The root
mean square (rms) of the fit error was less than 0.25 pix on both planes of the 3D target. The
remaining calibration error was corrected using the volumetric self-calibration technique (Wieneke
2005, 2008). The volume self-calibration process was repeated several times to obtain a mean
disparity of 0.026 pix with the standard deviation of 0.017 pix in the entire domain.

Fig. 2. Schematic of the four cameras and the laser sheet with respect to the channel and the
coordinate system.

To reduce background noise, the minimum intensity of all the images was subtracted from each
image, and the images were also normalized using the average intensity of the data set. The signal-
to-noise ratio was further improved by subtracting a sliding minimum over a kernel of 30x30 pix
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and local normalization by the average intensity in a kernel of 50x50 pix. To separate the beads
from the tracers, a 6x6 pix median filter was applied. This filter reduced the intensity of the small
tracers (~3 pix), but had a negligible effect on the intensity of the beads (~8 pix). An intensity
threshold was then used to obtain a mask identifying the high intensity glass beads. The mask was
applied to generate two sets of images for the beads and tracers based on the initial images (i.e.,
before applying the median filter). A Gaussian filter with a kernel of 7x7 pix was applied to the
bead images to obtain a Gaussian intensity distribution. The volumetric concentration of beads
resulted in an image number density of 0.005 particle per pixel (ppp), while the density of fluid
phase tracers was 0.035 ppp. To evaluate the uncertainty of the measurement system and
characterize the turbulent channel flow, unladen flow measurements were also carried out at a
particle number density of 0.04 ppp. A summary of measurement parameters is provided in Table
1.

Table 1. Summary of the 4D-PTV system specifications.

Digital ~ Acquisition Field of . o

e - ; . Image diameter Particle image
Magnification resolution frequency view . .

(piximm)  (kHz)  (mm?) (pix) density (ppp)

tracers beads tracers beads

0.43 22 6 60x40x%8 3 8 0.035 0.005

To obtain the optical transfer function (OTF) for the STB algorithm (Schanz et al. 2016), the
measurement domain was divided into 15x8x9 sub-volumes in X, y, and z directions, respectively.
In the OTF process, an elliptical Gaussian model is fitted to the particle shape for each sub-volume
to include the distortion effects from astigmatism and blurring (Wieneke 2013). The fit area used
for calculation of the OTF was 11x11 pix for the beads, and 3x3 pix for the tracers. The STB
algorithm initiates particle tracking by detecting local intensity peaks. A maximum triangulation
error of 1.0 and 0.5 pix was applied to the beads and the tracers, respectively. Particle pairs with
spacing smaller than 2.0 pix were removed in the STB algorithm. For each image, the STB method
performs an iterative triangulation process (also called outer loop) to detect particles that enter the
domain. The position and intensity of all detected particles were updated through another iterative
process (inner loop) that shakes the particles around the predicted position by 0.1 pix to find the
optimal position (Schanz et al. 2016). Four outer loop iterations, followed by eight shaking
iterations of the inner loop, were applied. The maximum displacement of particles between two
successive frames was around 5 pix, and the allowable maximum particle shift was limited to 8.0
pix. Calculation of OTF and particle tracking was performed in Davis 8.4 (LaVision GmbH).

To increase particle positioning accuracy, a second-order polynomial was fitted to the time series
of particle positions (particle tracks) through a weighted linear least squares (‘rloess’) function,
MATLAB R2015b), as also applied by van Hout (2011) and Oliveira et al. (2013). A polynomial



kernel size of 40 time steps (equal to 6.6 ms) was applied to the beads and kernel of 20 time steps
(3.3 ms) for the fluid phase. Using the relation given by Milojevié (1990) and Schlichting and
Gersten (2017) for a turbulent channel flow, the Kolmogorov time scale (z«) is 6.0 ms, which is
greater than the 3.3 ms kernel size. This ensures that only measurement noise or turbulence
fluctuations with negligible energy are filtered out. A larger kernel size was used for the beads
since they have a longer response time than the fluid phase. The velocity and acceleration of the
particles were also obtained from the coefficients of the second-order polynomial. The channel
height is divided into 0.5 mm (0.03h) bins with 50% overlap to calculate the mean velocity and
turbulence intensities. To obtain the fluid velocity surrounding a bead, the velocity of tracer
particles is averaged in a cubic volume, where the bead is located at its centre. Different volume
sizes were evaluated and it was found that the results are independent of the volume size when the
volume is less than 1.4x1.4x1.4 mm? (3.8d,x3.8dp*3.80). This cubic volume around the bead is
referred to as the ‘surroundings’ fluid.

The instantaneous velocity components are indicated by U, V, and W in streamwise, wall-normal,
and spanwise directions, respectively. The instantaneous velocity is decomposed into mean,
indicated by the symbol ¢ ), and velocity fluctuations shown by the lower case letters u, v, and w.
The decomposition is expressed as U = (U)+u. The average wall-normal and spanwise velocity is
negligible in channel flow; hence, for these two components, instantaneous velocity is the same as
velocity fluctuation, i.e. V = vand W = w. Similar to Oliveira et al. (2015) and van Hout (2011),
the velocity fluctuation of the beads is estimated as the difference between the instantaneous
velocity of the bead and the average velocity of the liquid phase at the bead centroid, i.e. up = Up -
(Us). The subscripts b and f refer to the bead and fluid phases, respectively.

3. Turbulent channel flow

In order to evaluate the uncertainty of the PTV system, the measurement in the unladen flow is
compared with the DNS results of Lee and Moser (2015). The semi-logarithmic profile of mean
velocity from 4D-PTV in the unladen flow at Re; = 1090 (Re = 20,000), along with the DNS results
of Lee and Moser (2015) at Re, of 1087, are shown in Fig. 3a. The measurements deviate from the
law of the wall in the linear viscous sublayer (y* < 5), but the difference diminishes with increasing
y*. The discrepancy between 4D-PTV and DNS is smaller than 1.0% at y* > 15 (y/h > 0.015),
which is equivalent to 0.1u,, or 0.02 pixel error in the estimation of particle displacement. The
measurements agree with the logarithmic law, (Up)* = 1/k In (y*) + B, where the von Karman
constant, «, is equal to 0.38 and B = 4.27. This agreement confirms the accuracy of mean velocity
at y*> 5 and the fully developed state of the turbulent channel flow. The large uncertainty at the
near-wall region of y* < 5 is associated with the smaller displacement of the particles between the
two laser pulses; maximum of 1 pix displacement. Another source of uncertainty in this region is
due to the glare spots caused by the reflection of the laser from the surface. These reflections
interfere with particle detection and also skew the calibration map during the self-calibration
process. The mean disparity for the first calibration plane above the wall is 0.039 pix with standard



deviation of 0.019 pix. This is larger than 0.026 pix mean disparity and 0.017 pix standard
deviation for the entire domain.

All four non-zero components of the Reynolds stress tensor for the unladen flow, obtained from
4D-PTV measurements, are shown in Fig. 3b and are also compared with the DNS results of Lee
and Moser (2015). In general, the Reynolds stresses agree with the DNS. At y*>15, the maximum
absolute error relative to DNS is equivalent to 0.03, 0.02, and 0.02 pixels for (us2), (v¢*) and (ws?2),
respectively. However, the smaller displacements in the y and z directions result in larger relative
errors in (vi2) and (ws ?). For example, the maximum discrepancy is 12.9% at y* = 26 for (vs?).
Overall, comparison of the 4D-PTV with the DNS results shows that measurements are accurate
at y* > 15 (y/h > 0.015) with a maximum uncertainty of 0.1u. (0.02 pixel) for the mean velocity
and 0.15u, (0.03 pixels) for the Reynolds stresses.
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Fig. 3. Profiles of the normalized (a) mean streamwise velocity, and (b) Reynolds stresses for
the unladen flow at Re; = 1090. The results are compared with the channel flow DNS results of
Lee and Moser (2015) at Re, = 1087.

Figure 4 shows the mean velocity and Reynolds stresses of the beads and the suspending liquid
phase from the simultaneous 4D-PTV measurements. In Fig. 4a, at y* > 20, the beads have a
slightly lower mean velocity than the fluid. This suggests preferential accumulation of the beads
in low-speed regions (Kiger and Pan 2002) as will be discussed in the next section. At smaller
distances from the wall (y* < 20), the bead velocity is higher than the fluid velocity, which is
associated with the rolling and sliding motions of the beads along the wall. These motions relax
the no-slip boundary condition, i.e. the beads have a finite slip velocity at the channel wall. Figure
4b shows that the beads have larger Reynolds stresses than the fluid phase across the bottom half
of the channel, although the difference is smaller for (v?) and (uv). The larger Reynolds stresses
are associated with the relaxation time and St of the beads, which allows them to maintain their
velocity for a longer time when transported in the wall-normal direction. As a result, the beads
have a wider velocity distribution, which results in larger Reynolds stresses. Figure 4b also shows

10



that the difference between the intensities of the beads and the fluid phase decreases closer to the
centre of the channel. In this region, the local St is smaller and the beads follow the fluctuations
more closely.

In addition to the comparison with DNS results described earlier, an uncertainty analysis based on
statistical convergence was conducted (see Appendix A) to estimate the random error. The
estimated errors for the mean flow and Reynolds stresses are shown using error bars in Fig. 4 at
selected wall-normal locations.
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Fig. 4. Profiles of the normalized (a) mean streamwise velocity, and (b) Reynolds stresses for

the beads and carrier fluid phase at Re; = 1090 and ¢v = 0.1% measured by 4D-PTV. The error
bars show the estimated uncertainty based on Appendix A. Only three locations are chosen to
show the error bars for clarity.

4. Ascending and descending beads

In this section, the velocity of the beads and their surrounding fluid is investigated by applying
conditional sampling based on the wall-normal bead motion (ascending or descending). The reason
for this sampling is to explore the fluid motions responsible for the upward and downward bead
motions, which are subsequently important in the entrainment and deposition processes. The
conditionally averaged parameters are indicated by subscript ¢c. From a total of 1.7x10" detected
bead images, 54% had a descending motion and the remaining 46% were ascending, away from
the wall. The slightly greater number of descending beads is hypothesized to be related to the fact
that the beads are slightly heavier than the fluid phase (po/ps = 1.05).

4.1. Conditionally averaged velocity

The conditionally averaged streamwise velocity of the beads and their surrounding fluid, based on
ascending (V» > 0) and descending (Vb < 0) beads, is shown in Fig. 5a. The figure also shows the
ensemble velocity of the fluid (without conditional sampling) as a baseline for comparison. The
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ascending beads and the surrounding fluid have a lower velocity than the ensemble fluid velocity.
This velocity lag was also observed by Kiger and Pan (2000) and van Hout (2011) and suggests
preferential accumulation of the ascending beads in the low-speed regions. On the other hand, the
descending beads and their surrounding fluid have approximately the same velocity as the
ensemble fluid velocity. This agrees with Kiger and Pan's (2002) observation that the descending
beads do not demonstrate any preferential clustering and are evenly distributed in high- and low-
speed regions. The comparison of the beads and the fluid velocity in Fig. 5a also shows that the
apparent slip velocity, defined as (Ur)c-(Ub)c, is positive and larger for the ascending beads. The
maximum slip velocity of the ascending beads is about 8% of the ensemble fluid velocity and
occurs at y/h ~ 0.1 (y* ~ 100), which is located in the outer layer.

The conditional averages of wall-normal and spanwise velocities, based on ascending and
descending beads, are presented in Figs. 5b and 5c. The (Vp)c profiles are symmetric for the
ascending and descending beads with equal magnitudes but opposite sign. However, (Vi) is less
than (Vb)c, which suggests a velocity lag or a reduced correlation between bead and fluid velocity
in the wall-normal direction. Bead inertia (i.e. finite St) is expected to result in wall-normal
velocities that persist longer than those of the surrounding flow, which contributes to the larger
values (Vp)c.

Figure 5c¢ presents the conditional average of the absolute value of the spanwise velocity, (W|)c,
for ascending and descending beads and their surrounding fluid. The absolute value is used to
prevent zero averages caused by spanwise symmetry of the flow. For both ascending and
descending beads, the spanwise velocity is higher than the wall-normal velocity. The (|W|)c of both
ascending and descending beads is higher than that of the surrounding fluid. The apparent spanwise
slip velocity, (|Ws [|)c-(|Wh|)c, is lower than the wall-normal counterpart, which suggests a higher
correlation between spanwise motion of the beads and the fluid. The figure also shows that the
ascending beads have a higher spanwise velocity than descending beads.
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4.2. Correlation of bead and surrounding fluid motions

To further investigate the fluid-particle interaction, the correlation of ascending and descending
beads with the surrounding fluid is estimated here. The streamwise correlation is quantified using

pu, defined as

p, = (upuys)
Y )

Similar correlation coefficients are also defined for the wall-normal and spanwise directions using
the corresponding velocity fluctuations, and indicated as pv and pw, respectively. Variation of the
correlation coefficients for the ascending and descending beads across the bottom half of the
channel is shown in Figs. 6a-c. With increasing distance from the bottom wall, the correlation
coefficient of all the components increases. This occurs because the characteristic time scale of
eddies increases with increasing distance from the wall (Tennekes and Lumley 1972), which
reduces the local values of the bead St, making their motion correlate more strongly with the fluid

fluctuations.
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Fig. 6. The correlation coefficients of ascending and descending beads with their surrounding

fluid in (a) streamwise, (b) wall-normal, and (c) spanwise directions.

For streamwise motions at y/h < 0.2 (y* < 200), the descending beads are more correlated with
their nearby fluid than are the ascending beads. This trend reverses for y/h > 0.2, and a stronger
correlation is observed for the ascending beads. The relationship is further investigated in Figs. 7a
and 7b by quadrant analysis, in which the velocity fluctuations are considered in the four quadrants
of a v versus u plot (Willmarth and Lu 1972). The quadrants of the plot are indicated by Q1 (u>0
andv>0),Q2(u<0andv>0),Qsz(u<0andv<0),and Qs (u>0andv<0),and are referred to
as outward interaction, ejection, inward interaction, and sweep, respectively. For each quadrant,
the percentage of motion is calculated for the fluid surrounding the ascending and descending
beads, and plotted in Fig. 7. In Fig. 7a, most of the ascending beads are surrounded by ejection
fluid motions, and in Fig. 7b most of the descending beads are found within sweep events. At y/h
= 0.06, 33% of ascending beads are situated in fluid ejections while 48% of descending beads
reside in sweep motions. At y/h < 0.2 of Fig. 6a, this larger percentage of sweep motions by the
descending beads results in their larger py with respect to the ascending beads. With increasing
distance from the wall, the fraction of ejection motions around ascending beads increases, while a
reduction in sweep events is observed for the descending beads, as shown in Fig. 7. This explains
the larger values of py for ascending beads at y/h > 0.2 of Fig. 6a. Figure 6 also shows that py is
stronger than pv and pw because of the greater momentum of streamwise fluid motions.

The correlation coefficient of the wall-normal velocity of ascending beads and their surrounding
fluid is small in the immediate vicinity of the wall in Figure 6b. The small coefficient indicates
that the beads do not follow the fluid ejection motions in the wall-normal direction. In Figure 6b,
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descending beads are shown to have larger values of py than the ascending beads. Comparison of
the results of Figs. 7a and 7b also shows that the total fraction of upward-moving fluid (i.e., the
sum of fractions in Q1 and Qz) surrounding ascending beads is less than the fraction of downward
flows (i.e., the sum of fractions in Qs and Q) around descending beads. This contributes to the
larger py values of the descending beads. A similar trend is shown in Fig. 6¢ for correlations in the
spanwise direction. Descending beads have a stronger correlation with the surrounding fluid
relative to the ascending beads, although the difference in pw for ascending and descending beads
is smaller.
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Fig. 7. The fraction of the fluid surrounding the (a) ascending and (b) descending beads based
on the four quadrants of velocity fluctuations.

For a better interpretation of Fig. 6, the joint probability density function (JPDF) of velocity
fluctuations for the ascending and descending beads is presented in Fig. 8 for the data within 0 <
y/h <0.26. The JPDFs of u, and ur are shown in Fig. 8a, and the JPDF of the wall-normal (v, vs)
and spanwise (wb, Wr) velocity fluctuations are shown in Figs. 8b and 8c, respectively. An assumed
perfect correlation between the beads and the fluids would collapse the JPDF on the dashed lines
shown in the figures (e.g., Up = Ur), while a weak correlation would scatter the data around this line.
In Fig. 8b, as expected, the JPDF of beads with negative and positive v, only covers half of the
figure. A slightly narrower JPDF is observed for the streamwise component of descending beads
relative to the ascending beads in Fig. 8a; a stronger correlation of the descending beads with the
surrounding fluid. In Fig. 8a, as expected, the JPDF of ascending beads skews negatively; for
ascending beads, up and ur are more likely to be negative. Figure 8c shows that ascending and
descending beads have a similar JPDF distribution which agrees with the small difference between
pw Of ascending and descending beads in Fig. 6¢. This shows that there is no spanwise preference
for the ascending and descending beads.
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Fig. 8. JPDF of (a) streamwise (U, Up), (b) wall-normal (vs, vb), and (c) spanwise (ws, Wp) velocity
of beads and surrounding fluid for 0 < y/h < 0.26. The blue dashed contours show the results
related to the ascending beads, and red dotted contours represent JPDF of descending beads. The
JPDF percentages vary from 1.0% to 8.0% in steps of 2.3% for the most inner to the most outer
contour, respectively.

The flow field around the particles was also studied by Lelouvetel et al. (2009) and van Hout
(2011) using planar PIV. Lelouvetel et al. (2009) studied the accumulation of glass beads in
ejection and sweep events in a free-surface channel flow without calculating any correlation
coefficients. They stated that the ejection motions of the fluid significantly contribute to the
ascending motion of the beads. However, there is no clear correlation between the turbulent events
and the descending beads. Their statement does not agree with our results for descending beads
presented in this section. This discrepancy can be attributed to the higher density of the glass beads
compared with the nearly neutrally buoyant polystyrene beads used in this study. Because of
gravity, the glass beads descend independent of the fluid motion, which weakens their correlation
with the surrounding flow. In the other study, van Hout (2011) performed experiments in a one-
way coupled flow (¢v = 0.014%) in a square channel at Re = 15,000. He observed that ascending
polystyrene beads accumulate heavily in ejections at y* > 50, while descending beads show less
accumulation in the sweeps. As presented in Figs. 7, more ascending beads accumulate in fluid
ejections at y/h > 0.25 (y* > 250).

4.3. Velocity field around the beads

In this section, the 3D velocity fields around ascending and descending beads are investigated by
obtaining the conditionally average fluid field in streamwise-wall-normal and streamwise-
spanwise planes. For this purpose, similar to previous sections, the velocity of the surrounding
fluid was sampled in a cubic volume of 1.4x1.4x1.4 mm? (0.09hx0.09h x0.09h) with the bead
located at its centre. The conditional samples of surrounding fluid were then averaged across the
bottom half-channel 0 <y/h < 0.5. The obtained conditional averages of fluid velocity fluctuations,
(upye and (vf)c, in the XY plane around ascending and descending beads are shown in Figs. 9a and
9b, respectively. In this figure, the streamwise and wall-normal relative locations of the tracers
with respect to the bead are indicated as X and Y. The blank region at Y < 0 results from the bead
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blocking the camera’s line of sight. The blank region at Y > 0 is due to the overlap of the tracer
images with the brighter bead image.

The conditional average of Fig. 9a shows that ascending beads are surrounded by an ejection
motion of the fluid phase, in agreement with Kiger and Pan (2002) and Vinkovic et al. (2011). The
streamwise component of fluid velocity is also slightly higher than the wall-normal component.
For descending beads in Fig. 9b, the fluid shows a strong motion toward the wall and wall-normal
velocity component of the fluid is significantly higher than its streamwise component. The small
streamwise component is associated with a strong contribution of inward fluid motions (i.e., Qs),
which cancels out the streamwise component of the sweep motions. This is consistent with the
observation in Fig. 7b where both Qs and Q4 were significant around the descending beads.
However, this is in contrast to previous investigations that associated only the descending beads
with the sweep motions (Kiger and Pan 2002 and Vinkovic et al. 2011). The data also shows that
about 45% of descending beads across the bottom half-channel are surrounded by the sweeps and
29% of descending beads are situated inside inward motions. The larger negative (uf)c in Fig. 9a
agrees with Fig. 5a where the fluid surrounding ascending beads had a lower velocity than the
ensemble fluid velocity. The small positive (us)c in Fig. 9b also agrees with the slightly higher fluid
velocity around descending beads relative to the ensemble fluid velocity. The positive (vs)c in Fig.
9a and negative (vr)c in Fig. 9b also agree with the (Vi) sign for ascending and descending beads
in Fig 5b. The higher wall-normal fluid velocity around descending beads in Fig. 9b also supports
the larger py of descending beads relative to the ascending ones in Fig. 6b.

The conditional average of fluid velocity fluctuation in the streamwise-spanwise plane is shown
in Fig. 10 for the ascending and descending beads. Again, since the average spanwise velocity is
zero, the absolute value of the spanwise velocity, |ws, is used. The figure shows a strong and
uniform (ws|)c around both ascending and descending beads. The magnitude of {|w|)c is similar for
both descending and ascending beads. Figure 10 shows that the ejection and sweep motions around
the beads are accompanied by strong spanwise motions-
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Fig. 9. Conditional average of fluid velocity fluctuation, {us)c and {vs)¢, surrounding (a) ascending
and (b) descending beads in the XY plane. The red arrow shows the reference vector size.
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Fig. 10. Conditional average of fluid velocity fluctuation, {us)c and {|wi|)c, around (a) ascending
and (b) descending beads in the XZ plane. The vectors are scaled relative to the reference vector
shown in Fig. 9.

In Figs. 9 and 10, the fluid velocity fluctuations were calculated with respect to the ensemble
average of the fluid velocity. However, to obtain the instantaneous fluid velocity relative to the
bead velocity, the instantaneous tracer velocity must be conditionally averaged with respect to the
enclosing bead velocity, i.e. Ur = Ut - Up. The result produced, for the XY plane, is shown in Fig.
11. For both ascending and descending beads, the relative streamwise velocity of the fluid is
positive above the bead (Y/h>0) and negative below the bead (Y/h<0). This shear layer pattern
stems from the positive wall-normal velocity gradient in the lower half of the channel.

In Fig. 114, it can be seen that the surrounding fluid has a lower wall-normal velocity, i.e. negative
(Vr)e, with respect to the ascending beads. In contrast, and shown in Fig. 11b, the fluid has a higher
wall-normal velocity with respect to the descending beads, i.e. positive (Vr)c, which indicates that
descending beads approach the wall faster than does the fluid. This may appear contradictory since
the fluid is expected to carry the bead, and not slow it down. A possible explanation is that the
wall-normal motion of a bead is initiated by a strong ejection or sweep. The fluid ejection/sweep
velocity decays while the bead motion persists because of its longer response time. Therefore,
based on conditional averaging, it appears that the beads lead the fluid in the wall-normal direction.
A similar observation was made by Righetti and Romano (2004) for conditionally averaged
Reynolds shear stress of ejection motions, i.e., (Uv)q2. They observed that (uv)q. of glass beads
was larger than that of the fluid phase, which was also associated with the longer time-scale of the
beads, allowing them to maintain their motion after they are lifted up by strong fluid ejections.

A clockwise vortex is observed in the conditional averages of Figs. 11a and 11b. The ascending
beads are mostly located downstream of the vortex core, where (Vi) is negative, while the
descending beads are at the upstream side of the vortex core where (V)¢ is positive. It is also
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interesting to note that the superposition of the velocity fields in Figs. 11a and 11b results in a
simple shear flow showing the fluid velocity relative to both ascending and descending beads. The
velocity gradient of the superposed flow field is d(Ur)/dY = 35 s, which is smaller than d(Us)/dY
=75 s of the ensemble fluid velocity at y/h > 0.02 (y* > 20). This smaller gradient shows that the
beads are transported by low-shear fluid motions.

The relative velocity fields around ascending and descending beads in the XZ plane are shown in
Fig. 12. The absolute value of the relative velocity is used for the spanwise direction, (Wr)c = (|Ws
-Wh|)e. The figures show that (|Wi|)c is uniform in the XZ plane and its value, approximately
0.03Uayg, is similar for both ascending and descending beads. The spanwise slip here has an
important effect on bead suspension since it can produce a lift force in the wall-normal direction
that is similar to the lift caused by the streamwise slip.
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Fig. 11. Conditional average of fluid velocity relative to the beads, (Ur)c = (Ut- Up)c, in the XY
plane for (a) ascending and (b) descending beads. The red arrow shows the reference vector size.
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Fig. 12. Conditional average of fluid velocity in the XZ plane relative to the (a) ascending and
(b) descending beads. For the spanwise component, the absolute value of relative velocity, i.e.,
(|Ws-Wh|)c, is used. The vectors are scaled similar to Fig. 11.

A slip velocity can be calculated by averaging the instantaneous relative velocity in the volume
surrounding the beads. The average of slip velocity for all the beads in the bottom half-channel is
(|Ur -Up[)=0.036Uayg in the x direction, (|Vs -Vp[)=0.030Uayg in the y direction, and (|Wr -Wh|) =
0.033Uayg in the z direction, which corresponds to particle Reynolds numbers, Rep, of 17.8, 14.7,
and 16.3 in the x, y, and z directions, respectively. If conditional averaging is carried out at specific
y/h locations, a larger Rep of 33.5 is observed at y/h = 0.06 that gradually reduces to 11.8 at y/h =
0.46. The Rep calculated based on apparent slip velocity, (Us-(Up), across the bottom half-channel
is 6.0 in streamwise, 1.7 in wall-normal, and 2.1 in spanwise directions. Therefore, use of the
apparent slip velocity to calculate Rep produces a value that is lower by a factor of one half to one
third. This is an important result since the Rep is a key parameter in determining turbulence
modulation in particle-laden flows.

5. Accelerating/decelerating beads

Acceleration or deceleration of a bead indicates momentum exchange with the fluid phase through
different forces. For finite-size particles, these forces include Stekes drag force, added mass, and
Basset history force. In this section, the flow pattern surrounding the beads is conditionally
averaged based on whether a bead is subject to acceleration or deceleration in the streamwise
direction. The conditional averages show the pattern of relative fluid velocity around the bead, and
therefore, indicate the direction of Stekes the drag force. Such an analysis can be helpful for
numerical simulations since in most cases only Stekes the drag force is considered. We define ap
as the instantaneous streamwise acceleration of a bead, which is obtained from the Lagrangian
trajectories obtained using 4D-PTV.

5.1. Conditionally averaged velocity

The streamwise, wall-normal, and spanwise bead velocity and the surrounding fluid velocity are
conditionally averaged based on the sign of the a, and are shown in Fig. 13. The mean fluid
velocity (ensemble average) is also shown in Fig. 13a for comparison. In Fig. 13a, (Up)c of
accelerating beads is lower than the surrounding fluid velocity. Hence, on average, there is a
positive slip velocity, which generates a force to accelerate the beads. The streamwise slip velocity
slightly increases with decreasing distance from the wall. In Fig. 13b, the accelerating beads are
shown to have a positive (Vp)c, which indicates that they ascend toward the centre of the channel
as they accelerate.

The decelerating beads at y/h > 0.25 (y* > 250) of Fig. 13a have a slightly higher velocity than the
surrounding fluid. The beads also have a negative (V). in Fig. 13b, which shows that they move
towards the wall and into the lower-velocity layers, and the resulting drag force decelerates the
beads. However, at y/h < 0.25, decelerating beads are slower than the surrounding fluid, i.e. (Up)c-
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(Ur)c < 0, while they still have a negative (V). In order to further evaluate this observation, the
average of instantaneous slip, (Us-Up) was also calculated. It was found to be positive and equal
to 0.01Uayvg. A positive slip velocity means that deceleration of the beads is not associated with the
drag force. Therefore, at y/h < 0.25, other forces such as added mass, Basset force, or friction due
to collision and momentum exchange with the wall contribute to bead deceleration.

Values of (|W|). for accelerating and decelerating beads, and the surrounding fluid, are shown in
Fig. 13c. The beads have a higher spanwise velocity than the surrounding fluid, which is similar
to the trend in the wall-normal direction. Again, as was the case for the wall-normal motions, it is
hypothesized that the beads preserve their spanwise velocity for a greater duration than the fluid
phase, which results in a higher average bead velocity. The spanwise velocity profiles are almost
identical to the velocity profiles shown for ascending and descending beads in Fig. 5c; the effect
of sampling criterion on spanwise velocities is negligible.
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Fig. 13. Conditionally average of (a) streamwise, (b) wall-normal, and (c) absolute spanwise
velocity of the beads and their surrounding fluid sampled based on ay sign.

5.2.  Velocity fields around the beads

To relate the 3D flow field with the bead dynamics, the relative velocity fields, (Ur)c = (Ut -Up)c,
around accelerating (a» > 0) and decelerating beads (a» < 0) are illustrated in Fig. 14 for the XY
plane and in Fig. 15 for the XZ plane. The conditional averaging is carried out across the bottom
half-channel. It was shown in Fig. 13a that accelerating beads are slower than their surrounding
fluid across the bottom half-channel and, as a result, the drag force contributes to their streamwise
acceleration. However, the relative velocity is not uniform around the bead. In Figure 14a, a net
positive streamwise (Ur)c is seen above the bead at Y > 0 and a negative relative velocity is present
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below the bead at Y < 0. The relative velocity field is uniform and has a positive value in the whole
XZ plane, as shown in Fig. 15a. Comparing Figs. 11 and 14, we see that the relative velocity fields
around accelerating and decelerating beads have a structure that is similar to the flow pattern
around ascending and descending beads in the XY plane, but with a lower wall-normal velocity.
The velocity field around decelerating beads, shown in Fig. 14b has a positive relative velocity at
Y > 0 and a negative relative velocity at Y < 0. The averaged relative velocity in this plane is
negative. Despite the presence of accelerating beads, no uniform trend is observed in the XZ plane

of Fig. 15b.
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Fig. 14. Conditional average of relative fluid velocity, (Ur)c = (Us - Up)c in the XY plane
surrounding (a) accelerating (ap > 0) and (b) decelerating beads (ay < 0). The red arrow shows the

reference vector size.
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surrounding (a) accelerating beads (a» > 0), and (b) decelerating beads (an < 0). The red arrow
shows the reference vector size.

6. Bead pathlines

The previous sections showed that bead motion is accompanied by a significant spanwise velocity
component, which is higher closer to the wall. In order to understand the phenomenon that
produces this spanwise motion, bead pathlines are examined here. Fig. 16 shows four sample
pathlines and their projection on the xy, yz, and xz planes, within the field of view of 4D-PTV. The
selected pathlines are representative of different pathline patterns observed by visual inspection,
and they are numbered in the yz plane of Fig. 16. Pathlines (1) and (2) do not show frequent change
in their wall-normal and spanwise motions; pathline (1) is inclined 4° toward the wall, and pathline
(2) has an angle of 5° away from the wall. These pathlines are usually located in the outer layer,
closer to the channel centre. Pathlines (3) and (4), on the other hand, show frequent changes in the
direction of their wall-normal and spanwise motions, which result in a spiral motion around the x
axis. The beads shown by pathlines (3) and (4) move forward by a distance of Ax/h ~ 3.5 as they
undergo two full spins around a streamwise axis.

The frequent change in the bead wall-normal motion was also observed in the experimental studies
of Sumer and Oguz (1978) and Rashidi et al. (1990) but the bead spanwise motion was not
revealed by their 2D measurements. Pathlines (3) and (4) spiral in the yz plane and result in the
observed spanwise bead velocity. The spiral motion of the beads and the change in their direction
of motion is more apparent closer to the wall since the flow time-scale is smaller and the spiral
motions are captured within the measurement domain. Pathlines (1) and (2) are associated with
motions having a longer time scale since they are farther away from the wall. It should also be
noted that the axes in Fig. 16 do not have the same scale, and the displacements are magnified in
the y and z directions.

Inspection of the detected pathlines shows that the majority of descending beads approach the wall
and change direction when they reach y/h ~ 0.05 (y*=50). To characterize this direction change
statistically, the local maxima (ymax) and minima (ymin) in the y position are detected using the slope
(dy/dt) of the trajectories. An example of such a point is indicated by points A and B in Fig. 16.
The same analysis is also conducted to detect the points where the spanwise motion of the beads
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changes direction; that is, extrema in the z direction indicated at zex, like point C in Fig. 16. The
probability density function (pdf) of the number of detected ymix, Ymax, and zZex: is presented in Fig.
17a. It is observed that the pdf of ymin is larger close to the wall, confirming that most of the
descending paths change direction in this region. In contrast, the pdf of ymax increases with distance
from the wall; that is, with increasing distance from the wall, a greater number of ascending
motions change direction and approach the wall. The change in the direction of motion from
descending to ascending is hypothesized to result from ejection motions of the fluid, or collision
of the beads with the wall. Because the ejections are stronger near the wall, the changes in the
descending motions occur more frequently in this region. On the other hand, the upward moving
beads usually change direction because of gravitational and drag forces, as highlighted in Fig. 11a.
This results in the gradual pdf increase for ymax with an increase of y. Figure 17a also shows that
the number of spanwise extrema reduces with decreasing y, which is associated with stronger spiral
motions in the near-wall region.
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Fig. 16. Sample 3D trajectories of beads (shown in black) and their projection on xy, yz, and xz
planes. The spiral of the pathlines (3) and (4) about x direction can be recognized as they move
forward. For better representation, y and z axes are magnified by a factor of 3.5 with respect to
X axis.

In order to identify the effect of particle concentration and potential particle-particle collisions, the
number density profile of the beads is shown in Fig. 17b. In this figure, the number of beads in
each bin (Aypin = 0.4 mm) is normalized by the average number of beads per bin (Nay). It can be
seen that the distribution is almost uniform; the maximum number density is only 17% larger than
the minimum number density (Nmax/Nmin = 1.17). Hence, variation in the number density of
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particles is small and is not expected to be associated with an increased probability of particle-
particle collisions.
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Fig. 17. (a) The pdf of the number of local maximums (Ymax) and minimums (ymin) in the wall-
normal position of the beads, and the number of local extremums in the spanwise position of the
beads (zext). (b) Normalized number density profile of the beads across the bottom-half channel.

7. Conclusion

The interaction between the beads and the fluid phase was investigated in a particle-laden turbulent
channel flow at Re = 20,000. The particulate phase consisted of nearly neutrally buoyant beads
with an average diameter of 370 um and St of 2.7 at a volumetric concentration of 0.1%. Three-
dimensional time-resolved particle tracking velocimetry (4D-PTV), based on the shake-the-box
method, was used to measure the instantaneous velocity of the beads and the fluid phase
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simultaneously. The beads’ velocity and the surrounding flow were conditionally sampled based
on the wall-normal velocity (ascending versus descending beads) and the streamwise acceleration
of the beads (accelerating versus decelerating beads).

The conditional averaging, based on the wall-normal velocity, showed that the streamwise velocity
of the ascending beads and the surrounding fluid is lower than the ensemble fluid velocity. This
velocity deficit is associated with the preferential accumulation of the ascending beads in the low-
speed regions. In contrast, the descending beads and their nearby fluid had nearly the same average
velocity as the ensemble fluid velocity. The apparent slip velocity, based on the difference of the
average bead and flow velocity, was higher for the ascending beads. It was also observed that the
spanwise bead velocity was higher than the wall-normal bead velocity. At y/h < 0.25 (y* < 250),
the streamwise velocity of descending beads showed a strong correlation with the nearby fluid.
However, this correlation decreased with increasing wall-normal distance since the preferential
accumulation of descending beads in sweep motions decreased. The descending beads also had a
stronger correlation with the wall-normal flow velocity. For the ascending beads, with increasing
wall-normal distance, both their correlation with surrounding flow and the extent of accumulation
in ejection motions increased.

The conditional sampling based on bead acceleration showed that accelerating beads move away
from the wall and have a lower velocity than the surrounding flow. Away from the wall, at y/h >
0.25, the decelerating beads also have a higher streamwise velocity than the surrounding fluid.
Therefore, for both cases, the drag force caused by slip velocity contributes to their
acceleration/deceleration. However, at y/h < 0, decelerating beads have a lower velocity than the
surrounding flow, suggesting that the Stokes drag force is not sufficient to model the dynamics of
nearly buoyant beads.

The simultaneous measurements of bead and carrier phase velocities showed that the slip velocity
calculated from the difference between the average bead and fluid velocities, (Ufc-(Up)c,
significantly underestimates the actual instantaneous slip velocity. The conditionally averaged
flow fields also showed a remarkable spanwise slip velocity. The flow velocity pattern with respect
to an enclosed bead appeared as a clockwise vortex in the XY plane, with a significant wall-normal
velocity gradient. The conditionally averaged wall-normal velocity of the fluid appeared to oppose
the motion of ascending and descending beads. This observation supported the notion that the
motion of a bead begins with fluid ejection that quickly decays, while the bead sustains its motion
for a longer time.

The beads’ pathlines showed successive upward and downward motions, and also successive
changes in the direction of spanwise motion. The latter resulted in a spiral motion around the x
direction with a shorter turn-over time in the near-wall region (y/h < 0.25). The descending beads
frequently changed direction in the near-wall region when approaching the wall, while ascending
beads frequently changed direction farther away from the wall.
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Appendix A: Uncertainty analysis

The random error in the velocity statistics for the beads and the fluid phase are evaluated here
based on the statistical convergence of the data at y* = 30, 250, and 500 (corresponds to y/h = 0.03,
0.23, and 0.46). Figure 18 shows the statistical convergence of the velocity statistics of the beads
at y* = 500. The horizontal axis of the figure shows the number of data points used for averaging
(n) normalized by the total number of data in the bin (N). The random error is estimated as the
difference between the maximum and minimum of the averaged quantity using the last 20% of
data points. The results are presented in Table 2 for the beads and in Table 3 for the fluid phase.
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Fig. 18 Statistical convergence of (a) the mean velocity and (b) Reynold stresses of the beads at
y* =500 (y/h = 0.46). The maximum and minimum values for n/N of 0.8 to 1 are used to estimate
the random error.

Table 2 Estimated random error for beads’ statistics.

Parameter y" =30 y* =250 y*© =500
(Upy* 0.025 0.011 0.013
(Up?)* 0.030 0.040 0.020
(Vp2)* 0.006 0.006 0.003
(wp?)* 0.011 0.010 0.006
(upvb)* 0.010 0.006 0.004
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Table 3 Estimated random error for velocity statistics of the fluid

phase.

Parameter y" =30 y" =250 y" =500
(Up* 0.021 0.012 0.007
(up?)* 0.090 0.020 0.009
(v 2y 0.020 0.003 0.004
(e 2yt 0.030 0.006 0.004
{upvp)* 0.020 0.005 0.007
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