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ABSTRACT

A series of refractive index-matched time-resolved tomographic PIV experiments are performed to study the dynam-
ics of motion of solid spheres in flow. The refractive index matching of acrylic spheres with the working fluid facilitates
unobstructed optical access around the spheres, enabling the simultaneous estimation of both the 3D flow field and
the fluid-structure interactions governing the kinematics of the spheres. Additionally, using normal tracers as well
as fluorescent tracers for PIV helps identify the most suitable approach for multiphase index-matched PIV studies.
Two different test cases are presented: (1) solid spheres moving in a round channel with an abrupt area expansion
and, (2) solid spheres rising in a quiescent flow at terminal velocity. Despite both falling under the category of solid-
liquid flows, these cases exhibit entirely different mechanisms and flow characteristics. Nonetheless, refractive index
matching provides a valuable tool that can be used to characterize the flow as well as the motion dynamics of the
free spherical particles in a liquid. These time-resolved 3D experiments offer a comprehensive insight into the tran-
sient evolution of the flow fields and the pressure forces on the spheres, providing a complete picture of the dynamic
process. The emphasis of the present paper lies in the experimental methodologies, challenges and data analysis tech-

niques used for refractive index-matched multiphase flow studies.

1. Introduction

The presence of inertial solid particles (i.e. with non-negligible size and mass) in a flow is common
in many natural and industrial scenarios. In quiescent volumes of liquid, bodies with lower overall
density will float due to buoyancy forces. The actual motion of the body will depend on its relative
density to the fluid, its shape, and the properties of the background flow field. It has been shown
that such buoyancy-driven motion can be quite hard to predict, as the body does not tend to rise
with a uniform velocity or linear trajectory. Often, the motion of the rising body will be oscillatory,
with the body performing a sort of sinusoidal trajectory upwards. In cases with relatively high-
speed background flows, such as in rivers, open conduits, or pipe flows, buoyancy forces are
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typically negligible. Instead, the main driving force acting on the solids comes from drag forces
that convey momentum to propel them within the flow. In this case, the actual trajectory of the
sphere depends on, its relative density to the flow, its shape, the conveying flow field, and the
viscosity of the conveying fluid. In both cases, the two-way coupling between the flow field and
the inertial behavior is rather complicated, with the motion of the bodies substantially influencing
the flow fields to a large extent. In some instances, these effects might have significant influence
in the operation of a system. The presence of hard-to-remove contaminants in pipes used for
petroleum extraction leads to excessive pressure drop, increased friction wear, and damage to
machinery, valves, and monitoring equipment (Matousek, 2002; Danielson, 2012; Mena & Curtis,
2020). Water from rivers and reservoirs often contains rocks, sand, trash, and large debris, which
accumulate in waterways and pumping systems. This accumulation reduces the cross-sectional
area, impeding water flow and causing excess erosion. It can also lead to clogging and disruption
of either water supply or the clearing of water from the upstream regions(Leporini et al., 2019).
While inherently different in nature, buoyancy-driven flows impact various industrial and natural
processes as well (Fidleris & Whitmore, 1961; Brown & Lawler, 2003). Sediment particles in various
separation tanks, extraction processes and in sea, typically move in in the low Reynolds number
regime, and the unsteady vortex shedding causes transient loading around the body, resulting in
oscillatory motions (Ern et al., 2012; Will et al., 2021). The motion and the dynamics of the wakes
behind freely rising spheres have been described in great detail by Horowitz & Williamson (2010),
using dye visualizations and 2D PIV. When a particle reaches its terminal velocity, it motion is
similar to that of falling leaves or snowflakes (Tinklenberg et al., 2023). Therefore, it is crucial to
understand the mechanisms governing the behavior of particles at terminal velocity, particularly
within the field of weather modeling and prediction.

In recent years, significant progress has been made in our understanding of multi-phase flows
through the development of experimental and numerical techniques. Researchers have employed
advanced methods such as Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry
(PTV) to meticulously investigate the behavior of solid particles in both gases and liquids (Brandt
& Coletti, 2022). A detailed review of various measurement techniques in multiphase flows is
provided by Poelma (2020). Despite the recent developments in experimental techniques, to the
best of our knowledge, no experimental investigations have been performed to study the 3D flow
fields, hydrodynamic/aerodynamic loading, and their correlation to the trajectory of the inertial
solid particles. The inherently multiphase nature of the flow presents a formidable challenge for
experimental studies, especially when employing laser-based flow diagnostic and visualization
techniques. In this study, we attempt to tackle this limitation using refractive index matching (Bud-
wig, 1994; Cui & Adrian, 1997) coupled with high-speed tomographic PIV. While refractive index
matching is commonly used to study flow between complex geometries, it is rarely employed to
examine the motion of objects immersed in the flow. The current experiments use acrylic spheres
in aqueous solution of Sodium Iodide (Nal) with a refractive index of about 1.48 to study the
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liquid-solid multi-phase flow (Bai & Katz, 2014). In addition, we show the advantages of using
fluorescent tracer particles (Tokgoz et al., 2012) where index matching alone is not enough to fully
capture the flow around the spheres. This method offers more accurate particle tracking and re-
duces the impact of reflections at the interfaces caused by small differences in refractive index or
imperfect surfaces.

2. Experimental Methodology

2.1. Experimental facility

Two separate experiments have been conducted in the refractive index-matched facilities at the
Transient Fluid Mechanics Laboratory (TFML) at the Technion - Israel Institute of Technology. The
tirst set of experiments involved studying the effect of sudden expansion in a pipe on motion solid
spheres, while the second observed the flow around buoyancy-driven spheres rising in a quiescent
fluid tank.

2.1.1. Pipe Flow

The pipe flow experiments are performed in the refractive index matched water tunnel facility
illustrated in figure 1a. The water tunnel is equipped with a circular acrylic test section of @40 300
mm, with a maximum flow velocity of 10m/s. Refractive index matching with acrylic test section
is achieved using 62% aqueous solution of Sodium Iodide (Nal) with a refractive index of 1.489
and a specific gravity of 1.8 as the working fluid (Bai & Katz, 2014). An inlet is installed in the loop
leading to an expansion from a @25mm section into @40mm section (area expansion ratio of 2.56)
with an expansion angle 90° as shown in figure 1b. The flow across the abrupt expansion is studied
using tomographic PIV and acrylic spheres of 1/16-1/8" diameter are introduced far upstream of
the test section, and are collected using special filter placed before the pump. The step height (r,)
based Reynolds number (Re;, = Uor,= ) varies between 23,000-34,000 for inlet velocities (Up) of
3.5-5m/s.

Time-resolved tomographic PIV experiments are performed near the expansion using four 4MP
Phantom v2640 high-speed cameras to capture the 3D flow near the expansion region as seen
in figure 1c. With a measurement volume of 80 48 30mm, and a data acquisition frequency of
8800Hz, the 3D flow fields can be observed with high spatial and temporal accuracy. The laser
volume illumination is achieved using Photonics DMX-100 532nm Nd-YAG laser, and the tracer
particles are 13 m silver coated hollow glass spheres. Due to the high data acquisition frequency,
the total time of experiments is limited to about 2s by the camera memory. Additionally, due to
imaging constraints, the downstream field of view is not large enough to capture the entire re-
circulation region.
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Figure 1. (a) Schematic of the refractive index matched water tunnel highlighting is major parts; (b) Illustration of the
expansion region in the test section; (c) Camera configuration for tomographic PIV experiments including the laser
volume.

2.1.2. Buoyancy driven spheres

An acrylic tank with an octagonal shape, a side length of 110mm, and a height of 700mm is used for
buoyancy-driven sphere experiments. Clear high precision acrylic spheres with 1/4-1/2" diame-
ters are introduced near the mid section of the tank using custom build sphere injector mechanism
with a conical opening and rises into the imaging volume since acrylic is lighter than Nal. The
spheres are released through a 19mm diameter, 40mm long pipe sufficiently below the imaged
region allowing them to reach the imaging volume at terminal velocity. The octagonal tank is kept
quiescent and pre-seeded with tracer particles. A schematic of the experimental setup is provided
in figure 2.

Similar to the pipe flow case, time-resolved tomographic imaging is used to capture the flow fields
around the rising spheres. The camera configuration is presented in figure 2, and the measurement
volume is 110 90 25mm. Unlike the pipe flow experiments, Rhodamine B fluorescent particles
with sizes ranging from 1-20 m are utilized as tracers. 550nm band pass filters are positioned in
front of the camera lenses to exclusively capture the fluorescent particles (emission wavelength of
about 566nm). This eliminates reflections due to local refractive mismatches, and imperfections
on surface of the rising spheres. Additionally, the fluorescent particles have lesser tendency to
stick on to the rising spheres compared to the silver coated hollow glass spheres used in the pipe
experiments. The data acquisition rate is 4800Hz and the sphere diameter based Reynolds number
varied between 2,000-5,800.
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Figure 2. Schematic of the refractive index matched Octagonal tank showing the camera configuration and the laser
volume used in the buoyancy driven sphere experiments

3. Data Processing

Owing to the complex nature of the flow and refractive index matching, it is important to choose
suitable image pre-processing, data analysis and post-processing technique to extract high quality
results from the experimental data. One of the major challenges associated with refractive index
matched inertial multiphase flow studies is tracking of the solid particle. High degree of refrac-
tive index matching renders the sphere completely invisible to the cameras and makes it almost
impossible to locate in the flow field. However, achieving a perfect refractive index match with
the acrylic spheres is impractical due to inherent variations in material properties. This can lead
to some reflections at the interface between the spheres and Nal causing background noise and
hindering the detection of tracer particles. Following extensive testing, a refractive index of 1.487
is used for smaller spheres, while 1.491 is chosen for large spheres in the octagonal tank. Although
the use of fluorescent particles in the case of octagonal tank experiments improve the signal to
noise ratio and minimize reflections due to mismatches in refractive index, it enhances the diffi-
culty in locating the spheres in the flow. Minor reflections, while detrimental to high quality PIV
velocity field estimation, can help identify the location of the sphere, and thereby assist in tracking
its motion. Thus, refractive index matching, although advantageous in high resolution imaging of
3D flow fields, poses numerous challenges for data processing and analysis.
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3.1. Three dimensional Flow fields

The data for both tomographic PIV experiment cases are processed using LaVision DaVis™ 11
Shake-the-Box (Schanz et al., 2016) algorithm. Calibration is performed using an in-house built
automated calibration jig that can be translated precisely to different imaging planes, and DaVis™
11 calibration package is used to capture and generate the calibration data. In the case of channel
flow, a specially built calibration test section with open top access for the plate, replaces the circular
expansion test section. The calibration plates (LaVision 106-10-2 for octagonal tank and LaVision
58-5-1 for channel flow) are aligned to the edge of the laser volume and translated along various
planes to the other end of the volume. The calibration is further improved using volumetric self
calibration (Wieneke, 2008), and the Optical transfer function (Schanz et al., 2012) is generated. The
images are pre-processed to reduce noise and improve signal-to noise ratio. Due to high signal to
noise ratio in the case of fluorescent tracers, minimal pre-processing is required. However, signifi-
cant pre-possessing is required in the case of spheres in channel flow owing to localised reflections
and particles attached to the sphere. Since the spheres are in motion, background subtraction can-
not be used to reduce the effect of reflections. Anisotropic diffusion based reflection elimination
(Adatrao & Sciacchitano, 2019) is identified as the most suitable image pre-processing technique
to remove the unsteady reflections, without affecting the particle fields behind the spheres. Addi-
tionally, a five image sliding average is performed to reduce background noise.

In the case of pipe flow, initial Shake-the-Box (STB) analysis is performed on smaller number of
images to create the particle projections. The summation of the XY projection is used to create
the mask, which is used in subsequent STB calculations. However, this step is skipped in the
case of rising spheres, as there are no walls in the laser volume. The STB parameters are fine-
tuned to provide optimal particle tracks. The particle tracks from STB are then projected on to
alé6 16 16 grid using VIC# fine-scale reconstruction (Jeon et al. (2018)). This gives a final grid
of 160 109 37 with a vector resolution of 689 m for the buoyancy driven sphere experiments
and 133 59 34 with a vector resolution of 483 m for the channel flow experiments. The vector
resolution in pipe flow is 0.1-0.2 sphere diameter, while it is about 0.05-0.1 diameter for the rising
sphere experiments. Note that the PIV analysis is performed without a mask for the spheres, since
DaVis™ 11 STB toolbox does not support masking of immersed objects in the field of view.

3.2. Sphere Tracking

As the inertial particle velocities are similar to that of the flow around it, interpolation and binning
tend to eliminate the solid sphere in the case of channel flow, incorrectly assuming that the inter-
facial velocity is an outlier. In the case of the sphere rising in quiescent flow, a large majority of
the particles in the field of view are stationary, while only the particles in the immediate vicinity
of the sphere and the wake experiences motion. While the wake behind the sphere is easier to
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Figure 3. Sphere tracking using velocity and particle density function for 3/8" sphere at t=0.1667s. (a) shows the
vertical velocity Vy at the X  z plane, where the size of ring is the maximum; (b) The corresponding particle density
estimated using a sphere of 10mm diameter and 0.5mm steps and normalized by the volume of the sphere; (c)
velocity Vy in the Xy plane at the z corresponding to the center of the ring in (a); particle density function
corresponding to (c). Note that the grid spacing in velocity and particle density functions don’t match perfectly. The
dashed lines show the center of the sphere.

estimate from the PIV images, the motion of acrylic sphere poses significant challenges. In the
case of spheres in the channel flow, all the tracer particles move with the flow, and the spheres
are convected along and have their trajectories influenced my multiple flow features. The PIV
particles that attach to the rising sphere creates an outline of the sphere and cause comparatively
high intensity laser reflections at the interface. These reflections can be utilized the estimate the
trajectory of the spheres. However, the absence of these reflections and lower number of particles
on the surfaces in the case of fluorescent particles poses a significant challenge in identifying the
motion of the spheres.

Visual hull technique by Adhikari & Longmire (2012) and feature detection using surface points
by Jeon & Sung (2012) are not suitable for the current study due to refractive index matching and
the absence of a distinct boundary in the PIV images. Recent advances in object-aware Lagrangian
particle tracking by Wieneke & Rockstroh (2024) offer a suitable solution to identify the trajectory
of the sphere from the STB data. In the case of rising spheres, there exists a void in location of
the sphere, that can be utilized to track the body. However, identifying this void and the location
of the sphere within this region is quite challenging. Furthermore, the void in the particle field
also shows traces of the motion of the sphere, since it pushes the particles away as it rises, and the
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Figure 4. Sample results of Shake-the Box for an expanding pipe section, showing the spheres. (a) XY and XZ
projection of the PIV particles, with zoomed in images of the spheres shown in inset; (b) Instantaneous 3D particle
locations color coded with streamwise velocities. The locations of the spheres have been highlighted and marked in
all the 3 plots. (c) Average magnitude of Q-criterion from 100 instantaneous snapshots.

quiescent nature of the flow prevent more particles from filling the void left behind by the sphere.

In the current data for rising spheres, the void in the STB particle field is used to estimate a particle
density function. Using the radius of the sphere in the dataset, the number of particle inside the
spherical volume is calculated for every grid point. The grid is defined by shifting the center of the
sphere in all 3 directions. By iterating over the entire domain, this particle density function gives
a scale of the particles withing the spherical volume. In the presence of the actual acrylic sphere,
there will be almost no particles, and the corresponding particle density ¥ 0. As mentioned earlier,
the wake behind the sphere also has very low particle density. However, since the sphere rises, the
top surface of the sphere will correspond to higher y values. This approach also helps track the
vortex and wake that is formed behind the rising sphere. While the particle density gives good
approximation of the location of the sphere, it does not provide an accurate estimation of exact
center and the trajectory of the sphere, To overcome this issue, additional constraints are imposed
on based on the velocity and vorticity. Figure 3 shows the comparison between particle density
and velocity fields for a rising 3/8" sphere at t=0.1667s. Although not perfect, they show that it
is possible to identify physical constraints to locate the sphere. In the case of vertical velocity, for
example, the upward motion of the sphere causes the flow to move downward around it, forming
the ring-like structure seen in figure 3a. For a given snapshot, changing the X  z plane causes the
ring-like velocity field to decrease in size. The maximum size of the ring, should thus correspond
to the center plane of the sphere.

In the case of channel flow, the above approach does not work. Since the channel flow experiments
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Figure 5. Iso-surface of Q-criterion, as well as the sphere at 4 different time steps. The sphere has a diameter of 3/8"
and the center is identified using velocity, particle density and vorticity

did not use fluorescent particles and a wavelength filter, the sphere can be seen much clearly due
to particles stuck on them, even though the refractive indices are well matched. Figure 4 shows
the projection of particles and sphere in XY and XZ (4a), as well as the 3D particles (4b), with
markings for the locations of the spheres. An average of 100 instantaneous snapshot are used to
plot the vortex shedding in the shear layer. Furthermore, the smaller size of the sphere also makes
it harder to identify the void created by the it. Additionally, there is almost no visible wake behind
the sphere, unlike the rising sphere, due to the high convective velocity of the flow in the channel.

4. Preliminary Results

While identifying the location and trajectory of the sphere remains a challenging problem, the flow
fields show the flow physics associated with the motion of the object. The high resolution flow field
reconstruction in the case of buoyancy driven flows paints an exciting picture of the wake and the
vortex patterns associated with the rising spheres. A sample result is plotted in figure 5 showing
the iso-surface of Q-criterion (threshold of 500=s?) for four different time steps. The vortex-rings in
the wake of the sphere can be easily identified in these figures. The dynamics of the wake and the
trajectories are consistent with the observations and conclusions by Horowitz & Williamson (2010).
Additional data sets are currently being processed an analyzed for various sphere diameters.






	Introduction
	Experimental Methodology
	Experimental facility
	Pipe Flow
	Buoyancy driven spheres


	Data Processing
	Three dimensional Flow fields
	Sphere Tracking

	Preliminary Results
	Conclusions and Ongoing Work

