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Three cylinder-based geometries were evaluated at five different rotating speeds (𝜔 = 20.94, 62.83, 94.25, 125.66, and 157.08 rad⋅s−1)
to obtain the fluid flow pattern in nonsteady conditions. Two of the models were modified at the lower region, also known as tip
section, by means of inverted and right truncated cone geometries, respectively. The experimental technique used a visualization
cell and a Particle Imaging Velocimetry installation to obtain the vector field at the central plane of the volume. The Line Integral
ConvolutionMethod was used to obtain the fluidmotion at the plane. In addition, the scalar kinetic energy and the time series were
calculated to perform the normal probability plot. This procedure was used to determine the nonlinear fluid flow pattern. It was
also used to identify two different flow regimens in physical and numerical results. As the rotation speed increased, the turbulent
regions were placed together and moved. The process makes experimental observation difficult. The biphasic and turbulence
constitutive equations were solved with the Computational Fluid Dynamics technique. Numerical results were compared with
physical experiments for validation. The model with the inverted truncated cone tip presented better stability in the fluid flow
pattern along the rotation speed range.

1. Introduction

A system with a rotating solid in a confined volume is
common in several industrial processes, like mixing, elec-
trochemistry, and others [1–7]. The hydrodynamics in the
confined volume of this kind of systems present a highly
turbulent flow. To characterize the flow pattern, among other
variables, three relevant parameters on the process have been
identified: the distance ratio between the solid and thewalls of
the confined volume, the geometry of the cylinder, and the
rotating speed.

The interaction of the fluid with the rotating solid is an
essential factor that determines the whole process. Thus, the
geometry of the solid has been changed to fulfill the specific
requirement of a process [8, 9]. But, most of these modi-
fications were based on the results obtained by the process
itself and not by the investigation of the phenomenon. Before

taking the decision to use any given geometry, there should
be a careful and thorough study of the hydrodynamics in the
confined volume [10].

At the same time, the rotating speed of the solid has an
important role in the process. In some cases, a low rotation
speed of the solid is needed, while in others a higher rota-
tion provides the necessary conditions to achieve the given
purpose [5, 11, 12]. It was found that high velocities of the
rotating solid induce the formation of an air bubble around
the solid. Consequently, the hydrodynamics of the whole
confined volume change.Therefore, research on the influence
of the geometry and velocity of the rotating solid has to be
performed.

To understand the hydrodynamics of this kind of systems,
an experimental investigation should be carried out. It should
imply the use of a nonintrusive technique, such as the
Particle Image Velocimetry (PIV). This technique has been
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Figure 1: Physical experiment setup. (a) Models of translucent solid bodies. (b) Experimental rig with rectangular prism cell and rotation
body.

successfully used to investigate complex phenomena [13–19]
and thanks to its accuracy, it is a reference to validate the
numerical results. Finally, to complement the results of the
experimental research, a numerical studywould be necessary.

Because of the complex hydrodynamics in the confined
volume, the numerical study had to be performed during a
nonsteady state to obtain the transient behavior of the phe-
nomenon and the three-dimensional properties of the flow, as
it has been noticed in previousworks [10]. A two-dimensional
approach could lead to the obtaining of errors in the
flow pattern determination due to the simplification of the
system.

One of the main applications of this work is to study the
hydrodynamics inside electrochemical cells with a rotating
electrode. The bell-shaped cylinder was studied since the
1960s and electrodes with this shape are still used. Sur-
prisingly, studies of electrodes with a shape of an inverted
cone have never been reported. Therefore, it is important
to conduct the analysis of the hydrodynamics behavior of a
system by using a cylinder with this kind of shape since the
geometry of the electrochemical cells has changed in recent
years. Some designs reduced the dimensions of the cells to
work with lower rotation speeds. Other designs have isolated
the working electrode to minimize the effect of counter
electrode and the reference electrode [20].

In this work, experimental research using the PIV tech-
nique and the numerical simulations using the CFD tech-
nique were developed to obtain the hydrodynamics infor-
mation in a cylindrical confined volume for three distinct
shapes of the rotating solid and angular velocities from 20.94
to 157.08 rad⋅s−1.
2. System Description

Figure 1(a) shows the three models of cylinders used in this
study. All of them have a cylindrical upper part with 0.011
meters of external diameter and 0.02 meters of length; the
“offside” is used to connect the rotating mounting.

Model A is a solid cylinder with a 0.015-meter external
diameter, d, and 5d of length. It is called “midst.”

Model B has a midst with an external diameter of 1d and
3d of length. The lower part, also called “tip,” has an inverted
truncated cone shape with 1d of base and 2d of top surface
with an altitude of 2d, as shown in Figure 1(a).

Model C has a similarmidst asmodel B.The tip has a right
truncated cone shape with 2d of base and 1d of top surface
with an altitude of 2d, as shown in Figure 1(a).

The confined volume has a cylindrical shape andwas con-
structed in translucent acrylic of 0.002 meters of thickness.
The internal diameter of the volume is 6d and the altitude is
10d. Each cylinder was located at the center of the cylindrical
volume at a distance of 5d to its base.

All three cylinders were coupled to a rotating mounting
that is aligned with a metallic drill. The rotating mounting
is driven by a DC motor controlled by a potentiometer.
In order to get a constant rotating speed during the test,
the potentiometer was connected to an optical tachometer
mounted in the upper zone of the experimental rig, as shown
in Figure 1(b).

3. Mathematical Model

The constitutive equations of the cylindrical volume and
a centered cylinder at constant rotating speed were solved
based on the CFD technique with the Volume Finite (VF)
method. The 𝜅-𝜀 turbulence model was used to calculate the
vectorial field inside the three-dimensional numerical model
based on the physical experiment.

The turbulent kinetic energy 𝜅 and its rate of dissipation𝜀 were obtained from the transport equations. To model the
interface between the water and air phases, the Volume of
Fluid (VOF) model was used in the case of two or more
immiscible fluids.Thismodel is appropriate due to the phases
or fluids being at rest. The inertial forces caused by the
swirl of the centered cylinder govern the hydrodynamic
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phenomenon.The working fluids are water as primary phase
and air as secondary phase.

The model is based on a surface tracking technique and
is applied to a nonstructured and fixed Eulerian mesh. The
tracking of the interfaces between the phases is obtained by
using the continuity equation for the volume fraction of both
phases.

The continuity equation for multiphase flow is

1𝜌𝑞 [
𝜕𝜕𝑡 (𝛼𝑞𝜌𝑞) + ∇ ⋅ (𝛼𝑞𝜌𝑞→V 𝑞) = 𝑆𝛼𝑞

+ 𝑛∑
𝑝=1

(�̇�𝑝𝑞 − �̇�𝑞𝑝)] ,
(1)

where �̇�𝑞𝑝 is the mass transfer from phase 𝑞 to phase 𝑝 and�̇�𝑝𝑞 is themass transfer fromphase𝑝 to phase 𝑞.The term 𝑆𝛼𝑞
is defined as zero. The term 𝛼𝑞 is the phase value of the 𝑞th
volume fraction. The term 𝜌𝑞 is the density value of the 𝑞th
volume fraction. The values of 998.2 and 1.204 kg⋅m−3 have
been used for the water and air phases. The term ∇ is the
divergence operator. The volume fraction equation was not
solved for the primary phase; instead, it was computed by the
following condition [21]:

𝑛∑
𝑞=1

𝛼𝑞 = 1. (2)

The term 𝛼𝑞 is the phase value of the 𝑞th volume fraction to
phase 𝑛. The volume fraction equation (see (1)) was solved
by using the explicit time formulation. Initial conditions
were defined based on measurements from the physical
experiment. The velocity of the water at 𝑡 = 0 is zero.
The rotation velocity of the cylinder was constant in each of
the simulations. The number of cylinders was three and the
number of rotation velocitieswas five,𝜔 = 20.94, 62.83, 94.25,
125.66, and 157.08 rad⋅s−1. The number of simulations was 15.
The volume fraction is discretized in the following form:

𝛼𝑛+1𝑞 𝜌𝑛+1𝑞 − 𝛼𝑛𝑞𝜌𝑛𝑞Δ𝑡 𝑉 +∑
𝑓

(𝜌𝑛+1𝑞 𝑈𝑛+1𝑓 𝛼𝑛+1𝑞,𝑓 )

= [𝑆𝛼𝑞 +
𝑛∑
𝑝=1

(�̇�𝑝𝑞 − �̇�𝑞𝑝)]𝑉.
(3)

𝑛 + 1 is the index for a new time step, 𝑛 is the index for the
present time step, 𝛼𝑞,𝑓 is the phase value of the 𝑞th volume
fraction, and the term𝜌𝑛𝑞 is the density value of the 𝑞th volume
fraction in the present time step. The term �̇�𝑞𝑝 is the mass
transfer from phase 𝑞 to phase 𝑝 and �̇�𝑝𝑞 is the mass transfer
from phase 𝑝 to phase 𝑞.

The term 𝑆𝛼𝑞 is the user-defined source term, and it is
defined as zero. 𝑉 is the volume of the cylinder and 𝑈𝑓 is the
volumetric flux through the phase, based on normal velocity.
Since the volume fraction at the current time step is calculated
based on known quantities of the previous time step, the

formulation does not require an iterative solution of transport
equation during each time step [21].

Numerical models are solved with a single set of momen-
tum equations, and the two phases of the system are tracked
as the volume fraction of each of the fluids throughout the
domain [21].

𝜕𝜕𝑡 (𝜌→V ) + ∇ ⋅ (𝜌→V →V )
= −∇𝑝 + ∇ ⋅ [𝜇 (∇→V + ∇→V 𝑇)] + 𝜌→𝑔 + →𝐹.

(4)

The fields for all variables and properties are shared and
represent volume-averaged values. The term 𝜌 is the density
value, the term →V is the velocity vector, the term ∇ is the
divergence operator, the term 𝑝 is the pressure with a 1.013 ⋅105 Pa value, the term 𝜇 is the dynamic viscosity, 1.983⋅10−5
and 10−3 Pa⋅s were the values of the air and water phases, the
term →𝑔 is the gravity vector with a 9.8m⋅s−2 value, and →𝐹 is
the force vector.

In addition, the nonslip condition was imposed in all
the internal walls. This condition was also considered in
the cylinder walls. Besides, the pressure inlet condition was
imposed in the upper wall of the system. All the numerical
simulation initiates at rest.

4. Operation Conditions

The PIV technique was used since it makes it possible to
investigate the flow behavior without any disturbance due to
the measurement process.

The PIV system consisted of a CCD camera with a reso-
lution of 1,632 × 1,200 pixels, a double-pulsed Nd:YAG Laser
source with a wavelength of 532 nm and 150W maximum
output, a synchronizer, and a work station. Measurements
were performed and data processed by using a Dantec
Dynamics TR PIV System and Dynamic Studio Software.
The laser pulses and camera were triggered by means of a
synchronizer; the trigger ratewas set at 200 pulses per second.

To observe the fluid motion, the water was seeded
with neutrally buoyant silver-coated glass spherical particles,
10 𝜇m diameter. The measurement plane was illuminated by
using 40% of the maximum laser energy output. The time
interval between pulses was 0.00119 s for all measurements.
The thickness of the laser sheet illuminating themeasurement
plane was of 0.0015 meters approximately. The movement
of the particles was recorded using a CCD camera. A
frame-to-frame adaptive technique was used to calculate raw
displacement vectors.

In order to reduce the optical image noise, the cylindrical
volume was put inside a cube opened at the top; it is called
“visualization cell,” as shown in Figure 1(b).The visualization
cell is made of 0.009-meter thick acrylic and has a length
of 0.014 meters. The base and three of the four walls have
been painted black, but one of the walls has an unpainted
0.03-meter wide vertical fringe to allow the laser sheet to
pass through the cylindrical volume illuminating its central
plane. The remaining wall has not been painted, to capture
the images with the high-speed camera.
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The visualization cell and the cylindrical volume were
filled with water to a height of 7𝑑. The system was at rest at
the beginning of the test; the potentiometer was turned on
and operated for 300 seconds to stabilize the flow pattern
conditions. Once the rotation speed is maintained, the PIV
system initializes to obtain 300 seconds of the process.

Data reported herein consist of 203 ∗ 149 vectors rep-
resenting the plane region within the cylindrical volume.
Postprocessing of the data was performed on the 1000 pairs of
images on each rotating speed, to determine mean velocities
and relative uncertainties to 95% confidence and RSS levels.

The cylinder has five different rotation speeds that repre-
sent different flow behavior; they are almost equally spaced.𝜔 = 20.94, 62.83, 94.25, 125.66, and 157.08 rad⋅s−1. The
initial rotation speed is considered to obtain turbulence and
a quasi-stable state inside the volume. With the final rotation
speed, significant turbulence was obtained. However, the free
surface has no appreciable influence in the fluid flow pattern.

The numerical model has the same geometrical dimen-
sions as the cylindrical volume showed in Figure 1(b). The
model considers the air and the water phases, both at rest
and at 𝑡 = 0 seconds. The discretization process consists in
a global control on the minimum size of 1.1 ⋅ 10−5 meters
on each element. Also, the scalar size function is defined by
a growth rate of 1.2 to obtain a regular mesh in the control
volume and to avoid the divergence due to the difference
between the sizes of the elements.

The discretization mainly consists in triangular elements
with ten rows of boundary layers close to the walls of the
cylindrical volume and the solid cylinder. The scalar aspect
ratio was defined as 10 and a growth rate of 1.2 at the lateral
walls. The total number was approximately 1.7 ⋅ 106 elements
in every model.

A zero wall shear stress at the walls was defined. Also, a
nonsteady condition was calculated for the numerical model.
The initial time step with a scalar value of 5 ⋅ 10−4 and 150
iterations per time step were defined. The scaled residual of
different variables was considered as convergence criterion
and all the residual values were less than 10−5.

The convergence was obtained after a maximum number
of 150 iterations in each time step and a growth rate of 2 was
defined to change the size of the time step. The calculation
of the Courant number was less than 2, to continue with
the calculations. The total numbers of calculations allow
obtaining a 300-second process.

5. Results

With the PIV technique, images of moving particles in a
confined volume via an illuminated plane by a laser source
are obtained [22]. In this work, with the image processing
software, the velocity field was calculated by means of the
adaptive correlation method [23]. A vector-masking filter
was applied to remove the information outside the control
volume. The Line Integral Convolution Method was applied
to describe the trajectory of the particles more clearly [24].

Figures 2(a), 2(b), and 2(c) show the flow behavior at𝜔 = 20.94 rad⋅s−1 for the three models of cylinders. Because

of the low rotation speed, a similar behavior was observed in
the three cases. The upward flow around the lateral walls of
the cylinder interacted with the free surface of the working
fluid. The flow generated recirculation zones form a toroidal
structure, and then the flow was redirected downwards.
Two recirculation zones were generated close to the lateral
walls. The region below the cylinder presented a particular
flow behavior; the flow moved upwards, hit the base of the
cylinder, and moved rather to the right.

In model A, it was observed that there was no consider-
able turbulence below the base of the cylinder, but the upward
flow passed around its lateral walls. Near the base of the
confined volume, the flowmoved horizontally. However, due
to the swirl of the cylinder, the flow changed its direction to
the vertical component up to the base. A small part of the flow
moved to the left lateral wall of the cylinder.

Figure 2(b) shows an inverted cone-shaped tip at 𝜔 =20.94 rad⋅s−1; the upward flow around the inverted cone is
close to the base. However, in the middle of the bases there
is a horizontal flow that promotes the generation of greater
vortex. The turbulent zone is close to the cylinder; yet the
turbulence generated around the tip has grown and ascended
to the free surface.

In model C, the region below the base of the cylinder
is preferably horizontal; however, as the flow went up, the
streamlines moved vertically and returned to the horizontal
component.The turbulent structureswere located close to the
lateral walls and moved downwards to form a recirculation
zone near the lower left of the confined volume.

Figures 2(d), 2(e), and 2(f) show the Line Integral
Convolution Technique applied for different models at 𝜔 =62.83 rad⋅s−1. In model A, the region of interest is wider than𝜔 = 20.94 rad⋅s−1 at the base of the cylindrical volume. It is
possible to observe an upward flow direct to the right lateral
wall of the solid cylinder and a horizontal flow to the base
of the cell. This phenomenon is similar to that of model C,
although it is wider.

We can see the notorious presence of an equivalent
diameter vortex located in the lower left corner in Figure 2(f).
Inmodel B, it is feasible to observe an upward flow at the base
of the cone that directs to the right lateral wall of the cylinder.

At a rotation speed of =94.25 rad⋅s−1, model A presents an
upward flow to the base of the cylinder. However, a small part
of the flow moved to the lateral left wall of the solid cylinder
and developed a vortex at the lower left corner of the confined
volume. The rest of the flow moved to the lateral left wall of
the volume.

In Figure 2(i), the region of upward flow and the vortices
remained quasi-stable and well-developed. Greater vortices
were observed. An upward flow was also noted from the left
corner of the volume. Almost all the vortices close to the
lateral walls have lower dimensions than in model A and
model B.Theflowbehavior below the inverted truncated cone
shape has a similar form as the solid.

Figures 2(j), 2(k), and 2(l) show the fluid flow behavior at𝜔 = 125.66 rad⋅s−1, for the three cases. In model A, the flow
moves from the lower left corner to the base of the cylinder.
Once the flowwas near the base, itmoved forward to the right
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Figure 2: Line Integral Convolution Method for different models at different rotating speeds.
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lateral wall of the solid and continued to rotate in the toroidal
structure around the cylinder. In this model, the vortices are
not near the lateral walls. The turbulent flow moved to the
center and directs the upward flow to the center. A vortex
below the base of the cylinder that moved part of the flow to
the left was also observed. Around the cylinder, the toroidal
structure surrounds the cylinder. Part of the flow moved
downwards and generated another turbulent zone below the
base of the cylinder. The flow directed to the base and moved
laterally to the center of the volume.

In model B, a turbulent flow behavior below the inverted
truncated cone is observed. However, there is an upward flow
at the center of the volume.There are turbulent structures that
mixed each other. The toroidal structure around the cylinder
occupies the volume near the cylinder and interacts with the
flow below the base of the cylinder. However, it is possible to
observe an upward flow below the base of the cylinder.

Several turbulent structures appeared on the plane,mixed
with greater ones, and moved faster than previous rotation
speed. The flow close to the solid was turbulent and complex
to describe.

The flow behavior in model C is quasi-stable, and the
width is similar to the truncated cone shape of the solid
diameter.The flowwas predominantly horizontal and had the
same rotation as the base of the solid cone. The flow near the
lateral walls moved away and joined a turbulent zone around
the rotating cylinder.

The toroidal structure around the solid is not well-
defined; however, part of the flow moved downward and
reintegrated to other regions of turbulent flow. The vortices
appeared to be vertically aligned below the base of the
cylinder at this plane; however, the core of the vortex moved
continuously.

Figures 2(m), 2(n), and 2(o) show the Line Integral
Convolution Method applied to the three different models
at 𝜔 = 157.08 rad⋅s−1. In model A, the flow behavior has
similar characteristics to the previous rotation speed at 𝜔 =125.66 rad⋅s−1; it also shows a vortex near the base of the
cylinder.The width of the vortex has one equivalent diameter
of the base of the cylinder. With this rotation speed, an
upward flow, which ascends below the base of the solid and
is forwarded to the lateral walls, is observed. The structures
around the solid moved fast and the visualization of cores in
the plane is difficult.

In model B, at 𝜔 = 157.08 rad⋅s−1, the flow structure
below the inverted, truncated cone had a similar flow behav-
ior with a preponderant horizontal component. However, at
the center of the base there was an upward flow.

The vortices around the solid move fast, they move
downwards close to the lateral wall, and then they move
horizontally, from left to right preferably.There are numerous
vortices on the right lateral wall of the volume; their size is
approximately a radius of the base of the cylinder.

Inmodel C, the flow direction in the base of the truncated
cone changed from horizontal to vertical. In addition, it
switched between right and left; the flow was divided in both
directions. It is possible to observe that the flow fluctuated
quickly. However, the flow behavior has a similar pattern to

the truncated cone shape and the cores of the vortices have a
similar radius to half of the base of the solid.

In Figure 2(n), we observe an upward flow from the base
of the volume to the base of the solid. However, the flow
changed rapidly to a horizontal flow direction.

According to the observations made from the physical
experiment, when the rotation speed is low, the kinetic energy
behavior may approach a given normal distribution. This
means that the flow interacts with the walls of the cylindrical
volume uniformly, the transient behavior is minimal, and
the sizes and location of the vortices have no considerable
changes.

The probability plot is a graphical technique used to
know if a data set is close to a normal distribution [25]. If
experimental data is plotted in a graph against a theoretical
normal distribution, when the kinetic energy is distributed
normally, it should be close to the straight line.

Although this technique is commonly used to obtain an
associated correlation coefficient, the present study considers
that the shape of the curve helps to describe a nonlinear and
high turbulent behavior of the flow.

From the velocity field, it is possible to integrate the
velocity magnitude of each illuminated particle to obtain the
scalar value of the kinetic energy in the central plane of
the confined volume. The kinetic energy was calculated to
quantify the motion of the particles within the plane. This
calculation allows knowing the turbulence in the system.

Once the kinetic energy data was obtained from the
image processing technique, it is possible to get the prob-
ability distribution plot. The 𝑥-axis of the plot normalized
a normal distribution behavior; meanwhile, the 𝑦-axis of
the plot normalized the experimental data and obtained the
dimensionless and normalized axes in Figures 3(a), 3(b), and
3(c).

The data were plotted against an “ideal” distribution in
such a way that the points should form (approximately) a
straight line. In the ideal case, the fluid flow pattern inside the
cylindrical volume was symmetrical and quasi-stable. Even
though the confined volume and the models of cylinders are
symmetrical to a longitudinal central axis, the flow behavior
inside the volume is not symmetric. This can be explained
because the rotation of the cylinder promotes an interaction
that “accumulates” in the system and modifies time.

Visually, the probability plot shows a nonlinear pattern in
every rotation speed in model A. However, when the rotation
speed is 𝜔 = 20.94 rad⋅s−1, the flow has a behavior closer to
that of a normal distribution. It can also be mentioned that
the behavior is similar at almost all rotation speeds except at𝜔 = 62.83 rad⋅s−1 when the yellow colored line moves away
from the normal distribution line and forms an S-like pattern
shaped curve.

If we draw a vertical line at 𝑥 = 0.5, it is possible to
observe that there is no symmetry at any rotation speed
and that the data points are concentrated on the left half
of the plot. Moreover, the lower tail at any rotation speed
shows a considerable increasing departure below the fitted
line. Nevertheless, there is almost no existence of an upper
tail; the experimental data accumulated above the fitted line.
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Figure 3: Different rotation speeds probability plot for three different models compared to an estimated normal distribution.

For the entire rotation speed range, model B shows a
nonlinear and asymmetrical behavior.The curves were closer
to the estimated normal distribution behavior than in model
A.The lower tails are below the fitted line similar to model A;
if we use a vertical axis in 0.3, model B in all rotating speeds
is closer to a normal distribution than model A.

In addition, for model B at 𝜔 = 62.83 rad⋅s−1 the
yellow curve shows the greatest distance from the normal
distribution line, while at 𝜔 = 157.08 rad⋅s−1 the purple line
is closer to the normal distribution. For this angular velocity,
the flow behavior is relevant. It would be expected that as the
rotation speed increases the curve gets away from the normal
distribution line.The behavior along the rotation speed range
shows a progressive form. This finding could serve to obtain
reproducibility at different flow regimes.

At 𝑥 = 0.3, the change between the experimental data
below and above the normal distribution is shown. The
pattern in which a majority of points are above the reference
line means that the data set is left-skewed.

Model C has an S-shaped pattern that can be considered
as a left-skewed data set. The point in which the curves
intersect is also above the distribution line. The lower tail
gets away from the line and the upper tail gets closer to the
distribution. Even when the purple line at 𝜔 = 157.08 rad⋅s−1
is closer to the uniform distribution line and the blue line at𝜔 = 157.08 rad⋅s−1 is the farthest curve, symmetrical behavior
at different rotation speeds is not observed.

Figure 4 shows the numerical simulations where the
Computational Fluid Dynamics (CFD) technique was used.
The constitutive equations were solved by the Finite Volume
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Figure 4: Velocity-blue-colored streamlines in three-dimensional numerical models at different rotation speeds.
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Method. The results were distributed in columns according
to the model and in rows according to the rotation speed.

In model A, it can be observed that circular structures
are formed around the cylinder; they are divided into two
as the speed of rotation increases. On the other hand, model
B presents an irregular flow structure. As the rotation speed
increases, the structure becomes symmetrical to the rotation
axis of the cylinder. Model C presents larger structures than
models A andB,which ascend as the rotation speed increases.

At 𝜔 = 20.94 rad⋅s−1, model C has circular structures
which are not symmetrical to the rotation axis of the cylinder
though it is a more stable structure than those presented in
model A and model B. The effect of the free surface is not
considerable in the three cases, yet it begins to form a zone
of low pressure around the cylinders. This effect causes the
fact that, in the case of the models B and C, the structure
presents nonsymmetric movements. Also, more streamlines
around the tips are observed. In model A, the streamlines
are distributed along the cylinder, below the free surface. In
models B and C it is possible to observe that there is a flow
that passes near the base of the confined volume and ascends
through the center of the system.

In model A, at 𝜔 = 62.83 rad⋅s−1, there is a “cone-
shaped” flow that forms around the base of the cylinder and
below the free surface. An area where the flow is fastened
to the free surface can be noticed. It is also observed that
there is an upstream flow below the cylinder and an irregular
flow structure close to the base of the volume, which is not
symmetrical.

In model A, a symmetrical flow pattern is observed; there
is a concentration of streamlines in the inverted cone and a
defined upward flow below the cylinder base. In model C, the
flow is symmetrical around the rotation axis of the cylinder.
However, the structures grow considerably. One structure is
formed around the tip; a second structure is formed below the
tip and occupies almost the whole diameter of the confined
volume. There is also an upward flow in the center of the
volume and below the base of the cylinder and a rotating flow
in the same direction of the cylinder at the base of the volume.

The structures that are formed at this rotation speed are
not mixed into each other. In the three cases, there is an
upward flow below the cylinder. But still inmodel A, there are
more streamlines, which indicates that there is a considerable
flow that rotates in the same direction. In model C, it is
possible to observe at least one circular structure in the free
surface, a second structure around the tip, a third structure
around the toroid that forms outside the tip, a fourth circular
structure below the base of the cylinder, and a fifth structure
close to the lower wall.

In model A, the cone-shaped structure observed at 𝜔 =62.83 rad⋅s−1 is completed and forms a spherical-shaped flow
at a rotation speed of 𝜔 = 94.25 rad⋅s−1 and a cone-
shaped flow is defined below the base of the cylinder. The
upward flow below the cylinder does not change the position
considerably. Nevertheless, the flow has a swirl.The turbulent
structures grow considerably and try to occupy the volume.
There are a greater number of streamlines in the volume.

In model B, the flow behavior maintains symmetry. A
toroidal structure is formed and a conical structure also

develops below the tip of the cylinder.The turbulent flow rises
and is located around the cylinder, not below it.

For model C, the flow structures continue to grow below
the cylinder. The toroidal structure is maintained around
the cylinder. A conical shape flow around the cylinder is
developed and promotes the deformation of the free surface.
The flow below the base of the cylinder begins to rotate and
move the rotation axis; this rotation moves the flow towards
the lateral walls of the cylinder.

At 𝜔 = 125.66 rad⋅s−1, in model A, the flow pattern is
similar to the one for 𝜔 = 94.25 rad⋅s−1. Nonetheless, the
cone-shaped flow below the cylinder is wider than the flow, as
shown in Figure 4(g).The streamlines around the lateral walls
spread along the volume and the spherical structure around
the cylinder does not change considerably. At this rotation
speed, the deformation of the free surface is greater.

For model B, the flow structure expanded along the
volume. The upward flow is formed below the base of
the cylinder and the toroidal structure around the tip is
maintained as well.

At 𝜔 = 125.66 rad⋅s−1, the flow structure in model C is
more symmetrical than the flow, as shown in Figure 4(i). The
streamlines are not expanded to the volume and there is no
greater interaction with the base of the volume. The toroidal
structure around the tip is maintained. The upward flow no
longer rotates in the same way as at previous rotation speeds.

In Figure 4(m), the flow pattern for 𝜔 = 157.08 rad⋅s−1 is
no longer symmetrical. Mainly, near the base of the volume,
the swirl below the cylinder begins to rotate in the same
direction as the solid. In addition, it deviates from the center
of the volume. It is also observed that the streamlines around
the cylinder promote a deformation of the free surface near
the lateral walls of the cylinder. This phenomenon affects
the stability of a quasi-stable flow behavior in the confined
volume.

At this rotation speed, in Figure 4(n), the deformation of
the free surface is considerable. The toroidal structure is also
deformed considerably and a three-dimensional paraboloid
flow is observed.The upward flow at the center of the volume
changes the direction and continues to form a rotational
flow in the base of the volume, but it is more intense than
in previous speeds. Many of the interactions between the
cylinder and the flow, also between the lateral walls and
the flow, are considered higher. This phenomenon makes it
difficult to separate the different interactions that could be
presented and discussed due to the high rotation speed.

In Figure 4(o), the flow structure does not change consid-
erably as the previous rotation speed, although it is possible
to observe the rotation in the upward flow at the center of the
volume, because the vortices are joining under the cylinder.
The toroidal flow structure around the tip of the cylinder is
not deformed.

6. Conclusions

In the present work, we studied the influence of three distinct
types of cylindrical geometries of solids, which rotate at
different speeds inside a cylindrical confined volume. Model
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A solid is a constant diameter cylinder, while inmodels B and
C the tip sections were modified using the inverted and the
right truncated cone geometries, respectively. These propos-
als were physically and numerically evaluated to understand
the fluid-structure interaction at nonsteady condition.

In the physical experiments, the nonintrusive PIV tech-
nique was used to obtain the vector field in the central plane.
This data was used to calculate the scalar kinetic energy in
the plane. Afterwards, Line Integral Convolution was used
to visualize the fluid motion in the plane. A time series was
obtained after the calculation of the scalar kinetic energy, at
every time, during the test.

In the studied system, a quasi-stable state, at nonsteady
condition, requires that the working fluid maintains the
same velocity magnitude around the volume. In this work,
we represent the scalar kinetic energy data of the ideal
flow condition with a uniform distribution plot at different
constant rotation speed.

The kinetic energy data time series were presented in a
normal probability plot to show the nonsteady nature of the
fluid flow behavior in every rotation speed. Also, it allowed
us to compare each of the models.

Numerical simulations allowed us to generate three-
dimensional streamlines of the turbulent flow in the confined
volume. The experimental data obtained by PIV technique
was qualitatively compared with the numerical results and
was used as a validation technique. The numerical results
support and complement the experimental data, showing the
complex behavior of the hydrodynamics inside the confined
volume.

Because of the numerous applications, model A solid
geometry was considered as the reference model. It was
found that models A and C generated a high turbulent
flow inside the confined volume. Model B also presented a
high turbulent flow. However, there is a quasi-symmetrical
flow and stability at different rotation speeds that allow
obtaining reproducibility in the flow pattern that could drive
the velocity of different phenomena.

Experimental and numerical data on the rotating cylinder
inside a cylindrical confined volume case are useful to
characterize different operational conditions in numerous
research and industry applications, for example, filtration
systems, bioreactors, electrochemistry, and polymerization
devices.The obtained results could be valid at different scales
using a similar criterion.
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