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ABSTRACT
Particle-laden turbulence is important to a diverse range of topics: from aerosol transport
in the atmosphere to flocculation techniques treating our drinking water. Often the particles in
flows of interest are large and non-spherical, making them difficult to study, and so simplified
cases are considered to quantify turbulent behaviors. Experimental laboratory research has
provided insight into the quantifiable behavior of these simplified particle-laden flows, notably
in cases of homogeneous and isotropic (H.I) turbulence. For this research, we designed and
constructed a novel laboratory turbulence tank for the study of particle-laden flows that could
create a region of H.I turbulence at its center. To do so, we incorporated random, symmetric
forcing on a completely new geometry (a modified icosahedron) intending to maintain the
properties of H.I. turbulence while increasing the size of the region of the tank in which it is
contained. This facility will provide a unique testbed for studies of particle-laden turbulence.
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Chapter 1
Literature Review
Particle-laden turbulence is commonly seen in both natural and engineered flows. It is
relevant in natural phenomena such as sediment and aerosol transport as well as industrial
techniques such as combustion and papermaking [1], [2]. In these multiphase flows, a dispersed
phase (solid particles, droplets, or bubbles) interacts with the carrier phase (a fluid). This
contrasts with single-phase flows, which do not have a dispersed phase. Multiphase flows can be
solid-liquid (e.g. sediment in water), solid-gas (dust in air), gas-liquid (bubbles in water), liquidliquid (oil in water), liquid-gas (droplets in air), or even gas-gas (bubbles in air). Here we will
focus on solid-liquid and solid-gas flows [3].
In dispersed two-phase flows, particle dynamics are affected by the turbulent flow around
them, and the statistical properties of turbulence can be modified due to the presence of particles
[1]. Processes such as the transfer of kinetic energy between the fluid and particle phases, the
creation of wakes, eddies and vortices behind particles, and the enhancement of dissipation rates
(or how fast the turbulent kinetic energy is dissipated into thermal energy) are all affected by
particle properties such as particle size, shape, and density [3]. Changes to turbulent statistical
properties, such as turbulent kinetic energy (TKE), Reynolds stresses, and mean velocity (of the
carrier phase) due to the presence of particles is known as turbulence modulation [1]. Turbulence
modulation is particularly meaningful to dispersed two-phase flow research because turbulence
levels can qualitatively alter the behavior of natural and engineered processes, such as those
previously mentioned. Changes in turbulence properties- either attenuations or augmentations-
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depend on the size, density, and mass and volume concentration of the suspended particles. Here
we review some key numerical and experimental studies of turbulence modulation due to particle
loading.

1.1 Turbulence
Turbulent flows are unsteady, irregular, seemingly random and chaotic with eddies and
bulges at many spatial and time scales. One of its essential features is that the fluid velocity field
varies significantly and unpredictably in both position and time [4]. Turbulence occurs when the
Reynolds number is high enough that viscosity cannot damp out unstable fluctuations, and the
flow becomes chaotic. Among the chaos, spatial velocity gradients form “coherent structures”.
Coherent structures can either be predictable and easily separable from turbulence, like in the
case of von Karman vortex shedding [5], or unpredictable and harder to distinguish from
turbulence (e.g. hairpin vortices, which form in boundary layers next to walls [6]). Coherent
structures provide researchers with insights into the behavior and key features of turbulence (e.g.
transition from laminar to turbulent flow), but do not explain the phenomena in its entirety,
mainly because of the turbulence’s stochastic nature [6].
Fluctuations of pressure, velocity, and rotation may be averaged or correlated with one
another over both time and space to create statistical descriptions of turbulent flows. Spatially or
temporally averaged properties, such as autocorrelation lengths and dissipation rates, can tell us
something about the characteristics of a particular turbulent flow, and allow researchers to
quantify the changes in spatial velocity and pressure fields. Here we will define and describe
various statistical properties of turbulence.
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Turbulent velocity fluctuations are defined as the difference between the instantaneous velocity
⃑ (𝑥 , 𝑡)) and its expected value:
at a point (𝑈

𝑢 ′ (𝑥 , 𝑡) = 𝑈(𝑥 , 𝑡)− < 𝑈(𝑥 , 𝑡) >

(1.1)

where angle brackets denote an ensemble average. Note that the fluid velocity and its
⃑ (𝑥, 𝑦, 𝑧, 𝑡) in 3
fluctuations generally vary in time and space, and that 𝑈(𝑥 , 𝑡) is part of a vector 𝑈
dimensions with turbulent fluctuation components 𝑢’, 𝑣’, and 𝑤’ respectively.
Turbulent Kinetic Energy (TKE) is defined as:

𝑇𝐾𝐸 =

1
(< 𝑢 ′ >2 +< 𝑣 ′ >2 +< 𝑤 ′ >2 )
2

where 𝑢’, 𝑣’, and 𝑤’ represent turbulent velocity fluctuations in the 𝑥, 𝑦, and 𝑧-directions
respectively. The distribution of TKE between different turbulent scales of motion can be
described by the turbulent energy spectrum and is illustrated in Figure 1.

(1.2)
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Figure 1: Example of a turbulent energy spectrum for single phase and multiphase cases from Bellani et al [7]. The solid
distribution represents the spectrum for single phase turbulence, the circle dotted distribution represents it when spherical
particles are added to the flow, and the triangle dotted distribution represents the spectrum when ellipsoidal particles are
added to the flow. Reprinted with permission from Cambridge University Press.

Kinetic energy is transferred from large to medium to small scales of motion within
eddies and vortices of various shapes and sizes. Researchers often use the term “energy cascade”
to describe the directionality of this transfer of energy, wherein energy is transferred from larger
scales to smaller scales. Energy is added to the flow at large scales by some forcing mechanism,
creating large eddies; energy is then passed to smaller and smaller scales until inertial forces are
dominated by viscous forces, which dissipate the kinetic energy into heat. At the intermediate
scales in between, neither dissipation nor forcing is the primary energy contributor, and thus a
nonlinear transfer of energy occurs. These intermediate scales are referred to as part of the
“inertial subrange” or as “inertial scales”. Below the inertial scales are the smallest time, length,
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and velocity scales, known as the Kolmogorov scales. At these scales, viscous forces dominate
and TKE is turned into heat. On the other end of the spectrum are the large-eddy scales, where
inertial forces dominate and create the majority of the energy and momentum in the turbulence.
Another quantity of interest to research discussed in this chapter is the particle volume
concentration Φ𝑣 , which is defined as the fractional volume occupied by the dispersed phase [1],
or the ratio of the volume of the dispersed phase to the entire volume of both phases.
We also explore Reynolds normal stresses and Reynolds shear stresses in this paper.
Reynolds normal stresses are defined by Equation (1.3) and Reynolds shear stresses are defined
by Equation (1.4) by Pope [4] and used in Hwang & Eaton [8] for an isotropic flow of constant
density as (using the notation stated above, and where the overbar represents a time averaging):
𝜎𝑁 = ̅̅̅̅̅̅
𝑢 ′ 𝑢 ′ = ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ = ̅̅̅̅̅̅
𝑤′𝑤′

(1.3)

𝜎𝑠 = ̅̅̅̅̅̅
𝑢 ′ 𝑣 ′ = ̅̅̅̅̅̅
𝑢 ′ 𝑤 ′ = ̅̅̅̅̅̅
𝑣′𝑤′

(1.4)

Generally, turbulence is anisotropic and has a symmetric stress tensor with nine
components (or six independent quantities) that are not equal. In these cases three Reynolds
normal stresses must be defined. For isotropic turbulence, which is statistically invariant to
rotations and reflections of the coordinate system [4], only one normal stress need be defined
because they are all equal. Therefore, in isotropic turbulence, 𝜎𝑁 is equivalent to the root mean
squared value of velocity fluctuations in any direction.
Both numerical simulations and laboratory experiments have used the statistical values
defined in this section to study deeper questions regarding turbulent flow. In the following
sections, we discuss some key studies related to the specific case of particle-laden turbulence.
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1.2 Numerical simulations of particle-laden turbulence
Strategies and approaches for numerical representation of particle-laden turbulence can
depend on the properties of the particle phase relative to the surrounding turbulence. If the
particle size is smaller than the Kolmogorov scale (i.e., smaller than the smallest turbulent
eddies) and neutrally buoyant, it can be represented as a point particle that is passively following
the flow. This point-particle physical representation is an example of “one-way coupling”
because the fluid is affecting the particle by translating and potentially rotating it, but the particle
is not affecting the turbulence around it [5]. The translational motion of the particle is presumed
to be identical to the fluid velocity at the particle center. Rotation may be calculated analytically,
since velocity gradients are locally linear below the Kolmogorov scale [9]. Note that nonneutrally buoyant, small particles that cannot be treated as passive tracers (because they are
sinking or rising) can also be one-way coupled if they are not affecting the flow. All pointparticles are one-way coupled, but not all one-way coupled simulations treat particles as passive
points.
If the particle is larger than the Kolmogorov scale, or if it is small but not of similar
density to the fluid phase, it can potentially affect the surrounding turbulence. This is because the
particle no longer acts as a passive tracer; it has inertia of its own, and can move somewhat
independently from the fluid around it. This can dampen or enhance existing structures within
the turbulent flow. When a particle affects the surrounding turbulence in this way, it is referred to
as “two way coupling” because the particle is affecting the fluid and the fluid is affecting the
particle [4]. Because the forces of the particle on the fluid are non-negligible in the two-way
coupling case, both the forces on the fluid by the particle and the forces on the particle by the
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fluid must be calculated at every timestep of the simulation [10]. When a particle is moving
through turbulence this can become computationally intensive, and these interactions can often
become difficult to simulate numerically [6]. This is especially true when the particles are larger
than the Kolmogorov scale, because the velocity gradient is no longer linear along the particle
surface. However, many relevant particles (e.g. pollen, macroplankton, or sediment) are of a
relatively large scale (~1 cm), and often have irregular and complex shapes [11], [2], [7].
Numerical methods are computationally expensive for these situations, and may not produce
accurate results at this scale because of the physical complexity of particle-fluid coupling.
Currently, experimental observations provide the most insight into the behavior of these
large particles, because current numerical models cannot accurately predict all physical
quantities of interest in large particle-fluid interactions [6]. Important numerical and physical
experiments with regard to large particle-fluid interactions will be reviewed in sections 1.2-1.3.

1.3 Measurements of large spherical particles in turbulent flow
As previously stated, the point-particle approximation is not valid when particles are
larger than the Kolmogorov scale, or are significantly denser than the carrier fluid. This is in part
due to the nonlinearity of fluid velocity gradients along the particle surface [12]. This
nonlinearity complicates numerical simulations as described in section 1.2. Researchers have
begun to explore aspects of turbulence modulation in this context primarily using large, spherical
particles as the dispersed phase [7], [8]. Cisse et al found experimentally that for large spherical
particles, the particle volume concentration Φ v, is nonlinearly proportional to a decrease in
inertial-range kinetic energy transfer rate (that is, the rate decreases as a function of Φ v2/3 ) [8].
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Similarly, Lucci et al. found numerically that that the turbulent kinetic energy (TKE) of flows
laden with large, spherical particles decreases (as seen in Figure 2) compared to single phase
flow [8]. Both of these studies also found that the local dissipation rate increases near the surface
of the particles, because large particles must move through the eddies that their presence creates
via wakes [7], [8]. Generally, large particles follow this trend described by Lucci and Cisse et al
consistently: they create eddies at their own length scale, augment dissipation rates, and decrease
total turbulent kinetic energy when compared to single-phase flows [9]. This phenomenon,
known as spectral tilt (discussed further in the next section), refers to the process by which large
particles modulate turbulence, wherein particles add energy at small spatial scales and subtract
energy at larger spatial scales, resulting in an overall decrease in TKE[13], [14], [7].

1.4 Measurements of inertial nonspherical particles in turbulent flow
Numerical experiments from Lucci & Elghobashi, as well as laboratory experiments from
Eaton & Tanaka, suggest that the inertia of the particle as well as the total surface area of the
particle phase are most responsible for the spectral tilt and its associated turbulence modulation
[15], [16]. Showing more evidence of spectral tilt, Bellani et al experimentally measured the
turbulent kinetic energy (TKE) of flows laden with either large spherical or ellipsoidal particles
at the same volume fraction, finding an overall reduction in TKE for both cases [7]. As in
previous studies, Bellani found that spherical particles reduce overall TKE by removing energy
at larger spatial scales relative to the particles [7], [17], [18].The ellipsoidal particles at the same
volume fraction produce similar changes in energy at the same scales; however, they remove
slightly more energy at larger scales and inject slightly less at smaller ones. This suggests that
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particle shape may play a role in determining both the degree of spectral tilt as well as the
magnitude of the overall reduction of TKE, with spherical particles causing a 15% reduction and
ellipsoidal particles causing a 3% reduction respectively [7]. Some questions remain from
Bellani’s work: what physical mechanism was most responsible for the spectral tilt (inertia,
surface area, or shape)? Further investigations into inertial nonspherical particle-fluid
interactions are a primary future goal of the results of this paper.
While turbulence modulation in multiphase flows is well-studied, the specific case of
turbulence modulation in the presence of large nonspherical particles remains largely
unexplored. Researchers have often studied particle rotation rates, velocities, and accelerations,
rather than focusing on the effects of particles on turbulence [4], [5]. Many questions still remain
with regard to particle size, shape, and density and their effects on turbulence modulation [19].
Relevant future questions include: do different particle shapes reduce turbulent kinetic energy
(TKE) as shown in previous work (see Figure 2), or is turbulence more strongly affected by
number concentration, total surface area, or mass fraction of particles? The objective of this work
is to build an apparatus to allow us to answer these questions. Future work will include
measuring the single-phase flow to establish a baseline level of turbulence and adding particles
to this flow to investigate turbulence modulation and associated phenomena.
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Figure 2: Decrease in TKE over time in presence of particles. Solid Line A represents single phase TKE, while lines
D, G, and H show TKE for flows exposed to particles of varying properties. From Lucci & Elghobashi [20].
Reprinted with permission from Cambridge University Press.

.

1.5 Laboratory generated turbulence and tank design
Since large particles are often best studied experimentally (see section 1.5), we must
design and construct a device with the ability to create and measure multiphase flows of interest.
The goal of our work was to fabricate a novel facility to generate homogeneous and isotropic
(H.I.) turbulence in a contained volume of water, which can then be used to study large particleladen turbulence. In H.I. turbulence, turbulent fluctuations are independent of direction
(isotropy) and have no spatial variations in statistical properties (homogeneity) [21]. The
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inherent complexity of turbulent flows makes them difficult to study, so simplified cases allow
researchers to use statistics to quantify theories of turbulence [8]. H.I. turbulence is also a good
approximation for turbulence that is driven by symmetric forcing and far from any walls or
boundaries. Previous common approaches to generating H.I. turbulence have included the use of
an oscillating grid in a closed tank of water or air [22], or the use of fans [23], jets, or speakers
symmetrically focused on the center of nearly spherical geometries [8], which we will discuss
here.
Previous experiments involving H.I. turbulence have used both passive (stationary) and
active (rotating) grids in wind or water tunnels [24], [25]. Uberoi and Wallis used four passive
grids of varying material, finish, and geometry in a wind tunnel to investigate H.I. turbulence at
lower Reynolds numbers (50 < 𝑅𝑒𝜆 < 150) [25]. To explore H.I. turbulence at higher Reynolds
numbers (50 < 𝑅𝑒𝜆 < 473), Mydlarski and Warhaft created an active grid composed of rotating
triangular wings and placed it in a wind tunnel [24]. While these tunnel experiments can create a
plane of H.I. turbulence (that is, it is isotropic in the two non-streamwise direction), the
turbulence decays downstream of the grid and is therefore non-homogeneous and anisotropic in
the streamwise direction. Furthermore, any imperfections in the manufacturing of the grid can
cause anisotropy through the creation of unwanted vortices [25]. Researchers have also used
oscillating grids in enclosed tanks, rather than wind or water tunnels, to study H.I. turbulence
statistics (since the length it takes to develop isotropy is comparatively shorter); however, in
these experiments as well as in the aforementioned wind tunnel cases, the mean flow is usually
non-negligible [22], [26], [27].
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These non-negligible mean flows can be quantified using isotropy ratios, defined by
Hwang as “the ratio between streamwise and transverse root-mean-square (rms) velocities” [8].
Isotropy ratios for laboratory facilities have ranged from 1.05-1.35 (with perfectly isotropic
turbulence having an isotropy ratio of 1.00) [8]. This small bit of anisotropy means that while the
flow is mostly homogeneous in planes normal to the mean flow, it is not uniformly isotropic. A
large reason for this is asymmetry in the geometry of the facility.
Recent research has shown that a promising way to increase homogeneity as well as
reduce the mean flow strength is to utilize random spatiotemporal forcing in a system [8], [28],
[29]. Variano & Cowen created a randomly actuated synthetic jet array (RASJA) that exhibited
two-dimensional homogeneity and isotropy at very high Reynolds numbers [28]. A synthetic jet
is a jet that adds only momentum, not mass, to the flow. The design of their apparatus involved
the RASJA submerged beneath a volume of water and pointing upward toward a free surface; at
a distance above the randomly-firing jets, the signature of each individual jet was lost and the
turbulence had achieved approximate homogeneity and isotropy in a plane. Though the original
study focused on in understanding turbulence at boundaries, the RASJA design itself is not
limited in its scope. The idea can be adapted to symmetric forcing (SF) systems as well, by
placing RASJAS on opposing symmetric surfaces [28], [30]. SF systems consist of some type of
actuator (e.g. synthetic jets, oscillating grids, or rotating disks) arranged symmetrically around a
central region of the apparatus [21], [26], [27], [33], [34]. SF systems are advantageous for
studying H.I. turbulence in this central volume because they minimize the secondary (mean)
flow. We incorporated this consideration into our novel tank design.
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We are interested in studying particle-fluid interactions in homogeneous isotropic
turbulence with zero mean flow. The goal of our design is therefore to create a symmetrical
facility, which generates flow which is statistically uniform in all directions (isotropic) [32]. A
perfect sphere would be the ideal case, in which fans, pumps, or speakers could generate flow
from symmetrical points on the outside of the volume. However, a spherical tank/turbulence
facility would be prohibitively expensive (and very difficult) to manufacture. The goals of
isotropy and homogeneity required our tank to be a symmetric as possible. Recent experimental
research, summarized below, has emphasized the importance of making the internal geometry of
the facility approximately spherical.
Hwang & Eaton designed a roughly cubic tank to generate H.I. turbulence in gas flows
(Figure 3). It is a truncated cube with 8 synthetic jet actuators placed at the 8 outside corners and
directed toward the center [8]. Hwang & Eaton modeled their tank on previous tank designs from
Birouk et al., and Fallon & Rogers, who created zero-mean H.I. turbulence for their multiphase
experiments [35], [36], [8]. Hwang’s improvement to the previous models was the decision to
use synthetic jets, in the form of speakers forcing flow through small orifices, rather than fans, so
that only the fluid (aid) inside the enclosure was forced. A region of relatively H.I. turbulence
was generated in the center of the tank. While their experiments produced nearly H.I. turbulence,
this approach was not ideal for our research questions. In this study, the region of H.I. turbulence
created was constrained to the center and was very small ( 40 x 40 mm2). For our design, we
aimed to increase the size of the tank and change the geometry in an effort to increase the size of
the H.I. region. We also sought to incorporate the random-forcing that is characteristic of
RASJA-based tanks, which the Eaton tank did not use.
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Figure 3: The Eaton tank resembles a cube with actuators at each of the eight vertices. From Hwang & Eaton [8].
Reprinted with permission from Springer Nature.

Webster, Brathwaite, and Yen, adapted Eaton and Hwang’s design for turbulent flows in
water. Their experiments also generated nearly H.I. turbulence [32]. Zimmerman et al. designed
another tank in the shape of a regular icosahedron with 12 independent propellers at each vertex
[37]. Hwang & Eaton, as well as Webster, Brathwaithe, and Yen manufactured their tanks out of
Plexiglass and used a form of Particle Image Velocimetry (PIV) to collect velocity
measurements and turbulent statistics such as Reynolds normal stresses, Reynolds shear stresses,
and mean flow velocities. PIV methods are explored in more detail in Chapter 4.
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While many researchers have explored laboratory generated turbulence and tank design,
we decided to design a new apparatus to investigate particle-laden turbulence. Our new design
built upon the ideas of the researchers presented in the literature, combining the symmetric
random-forcing of a RASJA with the symmetric near-sphericity of a novel geometry.
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Chapter 2
Methods and Tank Design

2.1 Tank Design
A novel apparatus and its components were modeled using SolidWorks as seen in Figure
4. The tank design consists of 12 identical triangular pieces, 4 identical base rectangular pieces,
and 2 slightly altered rectangular piece (the tank lid and bottom), all manufactured out of 0.5”
acrylic for easy optical access as seen in Figure 7. In Appendix A, engineering drawings are
provided for each of the tank pieces.

Figure 4: SolidWorks model of novel tank design to generate H & I turbulence. The images (right and left) are front and
side views of the tank respectively.

The top rectangular panel design was almost identical to the base panel design, except for the
inclusion of two 10.5 x 11 rectangular holes on its face. The holes allowed easy access to the
tank for cleaning and maintenance. Other than the holes, the dimensioning of the top piece was
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identical to the base rectangular pieces. For the bottom rectangle design, the dimensions of the
piece were again identical to the other 5; the only difference was a small circular 1.3” hole in its
face to accommodate a drain valve. A drain valve was added as an improvement to previous SF
random-actuated systems such as those from Webster, Brathwaite, and Yen and Hwang & Eaton
[8], [32].
Future studies may require the holes in the rectangular top piece to be sealed, and so a
simple design of another 0.5’ acrylic rectangular piece of dimensions 10.375’ x 10.875 inches
was created. It would be sealed by filling the 0.125’ gap between the hole and panel with gasket,
and then latching the piece shut using draw latches. While it was included in the design, the lid
was not fabricated for this iteration of the facility, since it will likely be customized depending
on the needs of individual experiments.
In the final tank assembly, the long edges of the 6 rectangular pieces were mated
coincident with each other to create a hollow hexagonal cross section. Attached to this hexagonal
base were the 12 triangle components, which were mated to form two hexagonal pyramids
consisting of 6 triangles each. The 12 holes serve as mounts for the actuators, which are
impeller-driven synthetic jets. These were placed in the geometric center of each triangle to
create symmetric flow paths that would create a region of H.I. turbulence in the center of the
tank. In order to ensure that the flow paths would converge at the center of the apparatus, we
varied the hexagonal cross-section length and hexagonal pyramid draft angle, where the
hexagonal cross-section length is equivalent to the length of a rectangular piece and the
hexagonal pyramid draft angle is the angle between the tip of the triangular cap and the
horizontal when observing from the front view. We found that a hexagonal cross-section length
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of 25 in and a hexagonal pyramid draft angle of 64.11 degrees was optimal for symmetric
convergence. This symmetric convergence is visually demonstrated in Figure 5. In order to
maintain a 25 inch length and 64.11 degree pyramid draft angle, as well as to obtain an adequate
seal between adjacent pieces, we had to apply a bevel angle the sides of the pieces.
The angle applied to the two, equal side faces of the triangles to maintain our pyramid
draft angle was 14.15 degrees. These faces were mated to the other equal, side faces of the other
triangle pieces to create the hexagonal pyramids. The remaining (exposed) side face of each of
the triangle pieces was flat; each was mated with a short side of a rectangular piece. The bevel
angle of the rectangles’ short sides was 29.26 degrees. This bevel angle was equivalent to the
angle of tilt of the flat faces of the triangle pieces when the triangles were mated together in one
complete cap. The two long sides of each rectangle piece were mated with the other rectangular
pieces; these sides were beveled at 30 degrees to create interior angles of 60 degrees for the
hexagonal cross section.
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Figure 5: Visualization of symmetric convergence of theoretical flow streams. Note that this iteration of the tank design
has a slightly different top design.

The tank geometry is a modified icosahedron; that is, the middle 10 triangular faces of a
regular icosahedron were replaced by 6 rectangles to create a flat bottom surface of the tank as
seen in Figure 6.
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Figure 6: The tank design is a modified icosahedron. Note how a rectangular base was used to create a flat surface for the
tank to sit on and how this change in geometry added an extra triangular face to the geometry. Both geometries share a
total of 60 vertices.

This change in geometry created an extra set of vertices between the base and endcaps that
required the addition of a single triangle to each cap. While a regular icosahedron has 20
triangular faces and 12 vertices, our design has 12 triangular faces,6 rectangular faces and 14
vertices.
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Figure 7: The tank design consisted of 6 rectangular pieces and 12 triangle pieces. The top tank rectangle had two 10.5 x
11 rectangular holes in it and the bottom tank rectangle had one 1.3’ circular hole near its bottom left corner.

Like the regular icosahedron has a nearly spherical inner geometry, and symmetry about all axes.
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2.2 Tank Stand Design

Because the ultimate purpose of the tank design is to observe particle laden turbulence
using laser-based velocimetry methods, the bottom of the tank must be accessible to a laser. A
simple stand was designed to support the weight of a full tank (approximately 700 lbs) and allow
laser access through the bottom face of the tank.

Figure 8: Tank stand made from 80/20 aluminum extrusions. It is estimated to hold over 1152 lbs.
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The stand consists of two rectangular bases of 12” by 36” slotted aluminum extrusions
connected by four 30” aluminum support columns. The tank is designed to rest on the two 12”
aluminum extrusions placed 25” apart. All aluminum extrusions have cross sections of 2” by 2”.
Each vertex of the stand is secured by two 10 series 8 hole inside corner gussets and 8 screws
and T-slots. Leaving a 30” space between the ground and the bottom of the tank allows for a
laser to be directed into the tank from the bottom.
The tank design holds approximately 75 gallons of water and weighs approximately 700
lbs when full. A single 36” long, 2” by 2” aluminum extrusion is quoted by its manufacturer to
have a maximum two-ended supported center load of 576 lbs. Since the tank will be supported
by two extrusion of these dimensions, as well as four added support columns, the stand should
have a maximum load greater than 1152 lbs and therefore hold up a full tank.

2.3 Actuator/Pump Control Design
We used 12 Jebao PP-8 wavemaker pumps (Zhongshan Jiebao Electronic Appliance Co.
Ltd, Guangdong, China) to generate turbulent flows within the tank. Each pump came with an
actuator assembly, controller, and external 12 V power source as seen in Figure 10. Although we
could vary the velocity of individual pumps with preset modes the controller provided, our
design goal of manipulating the turbulence in the tank required complete control of the pump
speed. To do so, we used a Raspberry Pi B3+ (Raspberry Pi Trading Ltd., Cambridge, UK) to
control the rotation frequency of each pump’s impeller. Our goal was to send a signal of random
frequency to each pump in order to create random spatiotemporal forcing (mentioned in section
1.5), which has been shown to reduce mean flow and increase homogeneity in turbulence.
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Oscilloscope measurements of the Jebao PP-8 controller showed the preset controller inputs to
be various pulse width modulated (PWM) waves, each with a period of 20 milliseconds. We
programmed the general purpose/input output (GPIO) pins of the Pi to randomly change the duty
cycle, or percentage of the 20 millisecond period that was on, to manipulate the frequency of
each pump. To connect the controllers to the Pi, the signal wire of each pump controller was desoldered from the controller input and re-soldered to a new input from a circuit we created for
the Pi. The circuit consisted of the twelve 12 V power sources from the Jebao pumps, an external
power source of 15 V, 6 LF412CN integrated circuits, and the Raspberry Pi B 3+. Code for the
Pi can be found in Appendix B.
While we were able to successfully power a single pump at a time with this setup for the
Pi, we found that adding any more pumps past this threshold will overload the Pi by sending over
50 mA of current through the GPIO pins (which is the maximum current allowed across those
pins). Two pumps provided a current of 60 mA, which is untenable without additional
modification. In order to reduce the amount of current going across the Raspberry Pi’s GPIO
pins, we created a new, small common emitter circuit using a 2N3904 transistor and a series of
resistors as shown in Figure 9.
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Figure 9: Common emitter circuit setup for the random pump control. A 2N3904 transistor was used to reduce current
across the Raspberry Pi's GPIO pins.

This setup allowed us to power 3 pumps simultaneously with currents an order of
magnitude smaller, but only for a brief period of time (approximately 40 seconds), because the
power load of the 3 pumps would overheat the Pi quickly. When the Pi became hotter than
around 80° C, it began to throttle itself to cool down and it would provide less power to
successive pumps, resulting in brief stoppages in pump blade rotation. By implementing a
cooling fan and the same setup for 3 additional Pis, all 12 pumps should be able to receive
random forcing frequencies successfully. However, this was not implemented after proof-ofconcept was achieved.
In order to use our pump control system to generate H.I. turbulence, the 12 pumps needed
to be secured in the holes of each triangular tank face. This process is explored in section 3.2.
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Figure 10: Jebao pump, controller and external power source. This setup was manipulated to create a flow of random
frequencies.

The complexity of our method of pump control leads us to believe that more efficient
methods of controlling synthetic jets may exist. The actuator control system can be improved by
incorporating different implementations from the current literature, such as the use of solid-state
relays and DAQCards or shift registers, or even switching our choice of synthetic jet (i.e.
speakers).
Individual microcontrollers such as the Raspberry Pi are not well equipped to handle
heavy electronic loads on their own (in our case, twelve 24 volt powered actuators). Johnson &
Cowen used an Arduino Mega 2560 microcontroller alongside shift registers and integrated
circuit arrays to control a 16x16 pump array, and used a Measurement Computing 96-channel
digital output card with solid-state relays to control an 8x8 pump array [38]. Both of these
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techniques powered a net load larger than the Jebao PP-8 pumps require successfully. Webster,
Braithwaite, and Yen used a National Instruments DAQCard through a laptop to generate their
signal and then ran it through an 8-channel power amplifier to power their synthetic jets, which
were speakers [32]. While this method would not be feasible for pumps, we could use a 12channel power amplifier to power 12 speakers if we wanted to use this tank design to study
turbulence with different actuators.
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Chapter 3
Manufacturing and Results

3.1 Final Tank Body
The final manufactured tank, shown in Figure 11, was sealed together using acrylic
solvent cement (SciGrip, Durham, NC).

Figure 11: Front and side view of the final manufactured tank. Manufacturing constraints resulted in a change of top
and bottom panel design.
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3.2 Pump Placement

In order to generate H.I. turbulence, the pump control system was secured to the interior
of the tank by a means of water-tight and symmetric connections. Twelve Schedule 40 4”
bulkheads cut to 7.5 inches in length (containing the secured pumps) were fastened through each
of the twelve holes on each of the triangular plates as seen in Figure 12.

Figure 12: Final assembly with pumps placed in tank. The 12 bulkheads were inserted into the holes of each triangular
plate and sealed with rubber gaskets.
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The pumps were secured to the bulkheads by 1.5 inch PVC adapters (one femaleslip/male-threaded and another female-threaded/female-slip), which were cemented to a 4 inch
PVC endcap (all of these components are shown in Figure 13). First, we manually drilled a ¾
inch hole through the center of the endcap for the connection wires to be drawn through. Using
PVC cement, the female-threaded/female-slip adapter was placed inside the endcap (threaded
side up), centered, and secured with PVC cement. The endcap-adapter assembly was slipped
over the end of the bulkhead and secured using PVC cement. Next, a small notch was machined
with a 3/16” drillbit and Dremel in the female-slip/male-threaded adapter.

Figure 13: Pump connection components. Clockwise from top right: 4" end cap, notch on pump end of adapter, Schedule
40 bulkhead (before cut to final length), and both female-slip/male-threaded (L) and female-slip-female threaded (R)
adapters.
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The connection wire from each pump went through this notch and down through the rest
of the adapter, while the pump sat on top of the adapter’s female slip side. While we were unable
to ascertain the pump’s base material, a PVC to ABS cement worked well to secure the pump to
the adapter. Finally, we drew the connection wires of the pump through the endcap hole, and
screwed this pump-adapter connection into the female threads on the PVC adapter cemented to
the bulkhead. An example of the final assembly is shown in Figure 14.

Figure 14: Final pump secured assembly. At this point, the pump was completely secured in the bulkhead, and
irremovable.

3.3 Waterproofing Tank

While the tank design prevented catastrophic leaks, we applied silicone and Teflon pipe
tape to the areas of the assembly that water still penetrated. For our tank-pump assembly, these
two areas were 1) the notch in the adapter attached to pump, sealed with silicone and 2) the
threaded connection, sealed with pipe tape. If these two areas were waterproof, water should not
get through the adapters and penetrate the hole in the endcap. This would enable the pump to be
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removable via the threaded adapter connection. However, inconsistent results (all coming from
leaks in the notch area) required further waterproofing efforts, namely at the endcap hole. To
completely waterproof the tank we used rubber stoppers/plugs with small base diameters of ¾
inches and above to place in the endcap holes (an example of these plugs is seen in Figure 15).
To create the plugs, a hole was drilled in the center of each rubber stopper with a 7/32 (0.21875)
inch drill bit, so that the 0.21 inch connection wire could be drawn through and secured. We then
split the stopper from one side to its center with an X-acto knife. These plugs were then forced
into the endcap hole until they compressed to a watertight seal. The plugs were also covered in a
layer of silicone and coating spray to ensure waterproof seals. While both the bulkhead
connections (to the endcap with PVC cement and to the tank via o-ring) should be watertight, an
extra layer of silicone will also be applied at these locations, as it adds an extra seal while being
easily removable.

Figure 15: Rubber plugs were put into the endcap holes to create a watertight seal. The top two images are the original
rubber stopper and the bottom two are the makeshift plug. This plug would hold the wire inside itself and be forced into
the hole. The elasticity of the rubber would allow its body to be compressed tightly to prevent water leaks.
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Chapter 4
Discussion and Future Work

4.1 Discussion and Future Methods
A primary goal of designing this tank was to generate a large volume of H.I. turbulence
in its center in order to study particle-laden turbulence. To quantify the quality of our H.I.
turbulence, we plan to use an acoustic doppler velocimeter (ADV) to collect turbulence
measurements. The ADV gives velocity measurements in three dimensions by using the Doppler
shift (i.e. observing a change in a sound wave when the wave is moving relative to you, as in the
pitch of a speeding car passing by) [39]. An ADV usually consists of three receivers circling a
transmitter in 120 degree increments. The transmitter is placed in a flow and sends out a signal of
known frequency, and the three receivers record the changes in frequency. The ADV will then
calculate the velocity in the x, y, and z directions by using the changes in frequency, the speed of
sound in water, and the known frequency coming from the transmitter [39]. These velocity
measurements can be used to calculate various turbulence properties, as outlined in section 1.2.
We will take ADV measurements at several locations surrounding the center of the tank to
quantify 1) the extent of the H.I. region, 2) the isotropy ratio, and 3) the presence, if any, of mean
flow.
In the future we also aim to use the tank to collect measurements of particle-laden flows.
Many previous experiments in particle-laden turbulent flows use Particle Image Velocimetry
(PIV) to collect velocity data of both the dispersed and carrier phases [3], [40], [41], [17], [42].
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PIV is an experimental technique used to visualize fluid flow and measure its velocity [20]. In
PIV, one or more high-speed cameras film a laser-illuminated region of the flow, which is
seeded with tracer particles [20]. The position of the tracers can be correlated from frame to
frame, so that the fluid velocity can be calculated as the position varies in space and time.
However, PIV does not lend itself well to studying flows around large opaque objects or
particles because of natural interferences of light that occur in the illuminated region of interest
[1]. Shadows cast by the particles obstruct parts of the region of interest, causing an incomplete
representation of the flow field [1].
To resolve the interference, researchers can create refractive-index matched (RIM)
particle-fluid pairings [43]. Flow fields around particles can be analyzed effectively using RIMPIV, in which the particle is transparent and refractively matched to the fluid around it. Byron
and Variano (2013) present a methodology for creating a particle-fluid pairing of hydrogels
which are refractive-index matched to water. These hydrogels, which can be manufactured in a
large variety of shapes and sizes, can be used to study particle-laden turbulence using PIV as
seen in Figure 16. Refractive-index matching will enable research into large particle-fluid
interactions similar to ones commonly seen in biological settings such as sediment aggregates in
the ocean [43]. Future methods will include using PIV and hydrogels to further investigate
particle-laden turbulence.
Mainly, we wish to explore remaining questions regarding how particles affect turbulence
modulation. Hydrogel particles of different size, density, and shape can be created and placed in
turbulent flows within the tank for study. After analyzing the effects of the varied particles on
turbulence, we can vary the number concentration or mass fraction of particles, to investigate
which particle parameters modulate turbulent flows the most.
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Figure 16: PIV showing motion of turbulent flow of water surrounding hydrogel. From Byron & Variano [43]. Reprinted
with permission from Springer Nature.
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Chapter 5
Conclusion

This thesis was successful in designing and constructing a novel apparatus to generate
H.I. turbulence to study particle-laden flows. Our design, which incorporates both random and
symmetric forcing from synthetic jets, should produce a region in the center of the tank of H.I.
turbulence, with near zero mean flow. The large size of our novel tank design and our attention
to symmetric convergence also mean our region of H.I. turbulence should be larger than regions
studying particle-laden flow in the current literature.
Our work was also an integration of many components of Penn State’s Mechanical
Engineering curriculum, covering fluid mechanics, design, mechatronics and control. The tank
design applied current experimental fluid mechanics literature to a new geometry, and control of
the pumps required the programming, design, and setup of a novel mechatronic system.
However, a lack of testing and quantitative data leaves many important questions
unanswered. Most importantly, what is the degree of homogeneity and isotropy in the tank’s
central region, and what is its extent? What is the range of Reynolds numbers and other turbulent
statistics achievable with the actuators and the existing control algorithm? Is this turbulence
well-suited for the study of particle-laden flows, and how can we improve upon its initial design?
As outlined in Section 4.1, these questions must be explored further using experimental
techniques such as ADV and PIV.
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Appendix A
Engineering Drawings of Tank Pieces

1. Rectangle Base Pieces
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2.

Top Piece

39

3. Triangle Cap Pieces
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Appendix B
Code for the Project
Raspberry Pi code for pump control:
#include <stdio.h>
#include <stdlib.h>
#include <signal.h>
#include <pigpio.h>
/*
# pump_control.c
# Sends random PWM pulses with duty cycle between 1ms and 20ms to the pins
defined in used[]
# 2019-3-20
# Jonathan Bees & Aidan Cronin
To compile:
gcc -Wall -pthread -o pump_control pump_control.c -lpigpio
To run:
sudo ./pump_control
*/
#define NUM_GPIO 12
#define MIN_WIDTH 1000
#define MAX_WIDTH 20000
#define HIGH 1
#define LOW 0
int run=1;
//make sure this array contains the # of pins you're using
//& that you've set NUM_GPIO accordingly
int used[] = {2,3,4,14,15,18,17,27,22,23,24,10};
int randint(int from, int to)
{
return (random() % (to - from + 1)) + from;
}
void stop(int signum)
{
run = 0;
}
//thread to set a pin (specified by arg) high for a random fraction of
20ms

void *pwmthread(void *arg){
int pin = (int)arg;
printf("\nstarting thread for pin %d.\n",pin);
while(1){
//get the # of ms to keep the pin on for
int ms = randint(1,20);
int micros = ms * 1000;
//printf("setting %d high for %d ms\n",pin,ms);
//set the pin to high for some fraction of 20ms
gpioWrite(pin,HIGH);
gpioDelay(micros);
//set the pin to low for the remainder of 20ms
gpioWrite(pin,LOW);
gpioDelay(20000-micros);
}
}
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int main(int argc, char *argv[])
{
//try to initialize pigpio, return an error if it fails
if (gpioInitialise() < 0) return -1;
//whenever the program receives a SIGINT, run the stop method
gpioSetSignalFunc(SIGINT, stop);
//create a thread for each GPIO pin we're sending random output to
pthread_t *pin1, *pin2, *pin3, *pin4, *pin5, *pin6, *pin7, *pin8,
*pin9, *pin10, *pin11, *pin12;
pin1 = gpioStartThread(pwmthread,used[0]);
pin2 = gpioStartThread(pwmthread,used[1]);
pin3 = gpioStartThread(pwmthread,used[2]);
pin4 = gpioStartThread(pwmthread,used[3]);
pin5 = gpioStartThread(pwmthread,used[4]);
pin6 = gpioStartThread(pwmthread,used[5]);
pin7 = gpioStartThread(pwmthread,used[6]);
pin8 = gpioStartThread(pwmthread,used[7]);
pin9 = gpioStartThread(pwmthread,used[8]);
pin10 = gpioStartThread(pwmthread,used[9]);
pin11 = gpioStartThread(pwmthread,used[10]);
pin12 = gpioStartThread(pwmthread,used[11]);
printf("\npress ctrl+c to stop.\n");
//loop until the stop function is run
while(run)
{
time_sleep(0.1);
}

printf("\ntidying up\n");
//after stop() is run, stop the GPIO threads for each pin
gpioStopThread(pin1);
gpioStopThread(pin2);
gpioStopThread(pin3);
gpioStopThread(pin4);
gpioStopThread(pin5);
gpioStopThread(pin6);
gpioStopThread(pin7);
gpioStopThread(pin8);
gpioStopThread(pin9);
gpioStopThread(pin10);
gpioStopThread(pin11);
gpioStopThread(pin12);
//set all of the pins to LOW
for (int i=0; i<NUM_GPIO; i++)
{
gpioWrite(used[i],LOW);
}
//terminate pigpio
gpioTerminate();
//close the program, don't return an error
return 0;
}
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