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Abstract: Bubble column reactors are ubiquitous in engineering processes. They are used in
waste water treatment, as well as in the chemical, pharmaceutical, biological and food industry.
Mass transfer and mixing, as well as biochemical or chemical reactions in such reactors are determined
by the hydrodynamics of the bubbly flow. The hydrodynamics of bubbly flows is dominated by
bubble wake interactions. Despite the fact that bubble wakes have been investigated intensively
in the past, there is still a lack of knowledge about how mass transfer from bubbles is influenced
by bubble wake interactions in detail. The scientific scope of this work is to answer the question
how bubble wakes are influenced by external flow structures like a vortex street behind a cylinder.
For this purpose, the flow field in the vicinity of a single bubble is investigated systematically with
high spatial and temporal resolution. High-speed Particle Image Velocimetry (PIV) measurements
are conducted monitoring the flow structure in the equatorial plane of the single bubble. It is
shown that the root mean square (RMS) velocity profiles downstream the bubble are influenced
significantly by the interaction of vortices. In the presence of a vortex street, the deceleration of the
fluid behind the bubble is compensated earlier than in the absence of a vortex street. This happens
due to momentum transfer by cross-mixing. Both effects indicate that the interaction of vortices
enhances the cross-mixing close to the bubble. Time series of instantaneous velocity fields show the
formation of an inner shear layer and coupled vortices. In conclusion, this study shows in detail
how the bubble wake is influenced by a vortex street and gives deep insights into possible effects on
mixing and mass transfer in bubbly flows.
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1. Introduction

The efficiency of process engineering operations strongly depends on the transport of heat, mass,
and momentum. As the transport from a dispersed phase into a bulk phase is often the limiting step,
fundamental knowledge of phenomena close to fluidic interfaces is crucial to selectively improve
chemical reactors like, e.g., bubble columns, stirred tanks or jet loop reactors. The hydrodynamics
of bubbly flows is dominated by bubble wake interactions. There is a large number of experimental,
as well as numerical studies dealing with the characterization of bubble wakes. While there are
good standard references on mass transfer and multiphase flows [1,2], Fan and Tsuchiya were the
first who collected the state of the art for a book dealing with bubble wakes [3]. There are many
experimental studies dealing with single rising bubbles, e.g., [4–8] or bubble swarms, e.g., [9]. It is
known that bubbles are able to induce turbulence [10] and that they can enhance mixing processes [11].
Furthermore, the primary bubble wake is known to dictate transport phenomena in multiphase
systems [3]. There are also recent numerical studies on reactive mass transfer from single bubbles which
are much elaborated [12–14]. Despite the great amount of carefully performed studies, the question of
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how bubble wakes are influenced by external flow structures is still not answered completely. Due to
the wide knowledge of flows around cylinders [15–18], an experiment has been designed with the aim
to investigate the influence of a vortex street generated within a cylinder wake on the hydrodynamics
of a single bubble, which is fixed in place.

There are studies on fixed bubbles presented in literature: No et al. [19] and Tokuhiro et al. [20]
compared the flow around a bubble, which is kept in place by a cap, to the flow around a solid
ellipsoid. They found a major difference in turbulent production terms. Tokuhiro et al. [21] investigated
the hydrodynamics around two confined bubbles. They observed wake interaction and a jet-like
flow between the bubbles. When comparing a confined ellipsoidal bubble to a solid ellipsoid,
Tokuhiro et al. [22] found the turbulent kinetic energy to be more uniformly distributed directly
behind the bubble than it was directly behind the solid body.

The flow behind one or two cylinders has been studied extensively in the literature for many
years [23,24]. It is well known how Strouhal numbers, i.e., dimensionless frequencies, depend on
Reynolds numbers. There are correlations for different Reynolds numbers. Roshko [23] proposed the
following correlations:

Sr = 0.212
(

1 − 21.2
Re

)
, 50 < Re < 150

Sr = 0.212
(

1 − 12.7
Re

)
, 150 < Re < 500

Due to the wide knowledge of von Karman vortex streets, a cylinder can be used to produce
well-defined vortices with a certain frequency. There are two flow instability points that describe the
bifurcation process in the subcritical Reynolds number regime: The first flow instability that occurs
in the cylinder wake is at Re = 49. From this point, it is unsteady, but two-dimensional. At Re = 190,
the second instability occurs, and the cylinder wake becomes three-dimensional and is no longer
laminar [25]. The wake transition regime occurs at Re = 190 [25,26]. The irregular regime of the von
Karman vortex street is found for Reynolds numbers higher than Re = 300 [23,25].

A thorough understanding of processes at fluidic interfaces and how they are influenced by
external structures is crucial to specifically influence multiphase processes in the future. This study
is a first step towards this aim. It deals with the interaction of a cylinder wake and a fixed bubble
held in place by a cap. The cap ensures a nearly spherical bubble shape. Strouhal numbers of the
bubble wake and the cylinder wake are calculated on the basis of Particle Image Velocimetry (PIV)
data. The fluctuating motions behind the bubble are monitored, and the velocity field of the bubble
is characterized for different Reynolds numbers. This paper is organized as follows: In Section 2,
the experimental setup is depicted, and the data processing is described. Section 3 consists of three
parts. The first part gives information about the cylinder wake, which is used to create vortical
structures within the fluid flow that approaches the bubble. The second part shows the analysis of the
flow situation around the single bubble without an upstream cylinder wake. Finally, the third part
illustrates the flow structure of the flow around the single bubble influenced by cylinder wakes.

2. Experimental Set-up and Data Processing

2D2C high-speed PIV measurements are conducted in a duct made from acrylic glass with a
cross-section of 0.1 × 0.1 m2. Demineralized water with PIV seeding particles (details are listed in
Table 1), which have a density very close to water, is supplied continuously through the duct with
adjustable volumetric flow rates (250–875 L/h). The single bubble is produced by a hypodermic needle,
which is pushed through a septum into the fluid flow. The bubble (CO2 or air) is kept in place using a
spherical cap. A cylinder is brought into the duct to produce vortices of different frequencies by means
of a von Karman vortex street. The streamwise distance between the cylinder and the bubble is varied
while the transverse distance is held constant. In Figure 1, the staggered configurations of bubble and
cylinder within the duct are sketched in detail. The first configuration (Figure 1a) has the cylinder
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diameter as the distance between the bubble and cylinder; the second (Figure 1b) has several cylinder
diameters as the distance. This is chosen in order to observe different wake interactions.

Fluids 2018, 3, 8 3 of 16 

(Figure 1b) has several cylinder diameters as the distance. This is chosen in order to observe different 
wake interactions. 

(a) (b)

Figure 1. Staggered configurations of the cylinder and bubble. 

PIV experiments are conducted to characterize the flow field around the bubble and to monitor 
the influence of the cylinder wake. For this purpose, the laser light sheet (thickness ≈ 1 mm), which 
is produced using a light sheet optics with a 50° rod lens (ILA_5150 GmbH, Aachen, Germany), is 
adjusted at the equatorial plane of the bubble (see Figure 2). In Table 1, the experimental parameters 
are summarized. The temperature of the fluid is held nearly constant, and the experiments are 
conducted under atmospheric pressure. 

Table 1. Parameters of 2D high-speed Particle Image Velocimetry (PIV) experiments. 

Parameters Settings

Camera PCO dimax HS2 (PCO AG, Kelheim, Germany),  
1400 × 1000 Px2, 12 bit 

Objective Zeiss macro planar 2/50 mm 

Laser 
Quantronix Darwin-Duo-100M, Nd:YLF  

(Quantronix Inc., Hamden, CT, USA), total energy > 60 mL,  
average power at 3 kHz > 90 W 

Seeding Particles PS-FluoRed-Fi203, monodisperse 3.16 µm,  
abs/em = 530/607 nm (MicroParticles GmbH, Berlin, Germany) 

Frame Rate 500 fps 
Acquisition Time 20 s 

Number of Images 
Processed 10,000 

Spatial Resolution (vector-
to-vector spacing) 0.36 … 0.69 mm (24 Px) 

Temperature 20 ± 1.5 °C 
PIV Data Processing 

Software 
PivView 3.60 (PivTec GmbH,  

ILA_5150 GmbH, Aachen, Germany) 

Figure 1. Staggered configurations of the cylinder and bubble.

PIV experiments are conducted to characterize the flow field around the bubble and to monitor
the influence of the cylinder wake. For this purpose, the laser light sheet (thickness ≈ 1 mm),
which is produced using a light sheet optics with a 50◦ rod lens (ILA_5150 GmbH, Aachen, Germany),
is adjusted at the equatorial plane of the bubble (see Figure 2). In Table 1, the experimental parameters
are summarized. The temperature of the fluid is held nearly constant, and the experiments are
conducted under atmospheric pressure.

Table 1. Parameters of 2D high-speed Particle Image Velocimetry (PIV) experiments.

Parameters Settings

Camera PCO dimax HS2 (PCO AG, Kelheim, Germany),
1400 × 1000 Px2, 12 bit

Objective Zeiss macro planar 2/50 mm

Laser

Quantronix Darwin-Duo-100M, Nd:YLF
(Quantronix Inc., Hamden, CT, USA),

total energy > 60 mL,
average power at 3 kHz > 90 W

Seeding Particles
PS-FluoRed-Fi203, monodisperse 3.16 µm,

abs/em = 530/607 nm (MicroParticles GmbH,
Berlin, Germany)

Frame Rate 500 fps

Acquisition Time 20 s

Number of Images Processed 10,000

Spatial Resolution (vector-to-vector spacing) 0.36 . . . 0.69 mm (24 Px)

Temperature 20 ± 1.5 ◦C

PIV Data Processing Software PivView 3.60 (PivTec GmbH,
ILA_5150 GmbH, Aachen, Germany)
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multi-grid refinement algorithm is used. Peak search is conducted using the least squares Gauss 
algorithm. 

In Figure 3, a raw PIV image and the related instantaneous velocity field is shown. The axis 
coordinates, as well as the velocity magnitude values are given in physical coordinates to obtain a first 
overview of the flow case. The direction of flow is from left to right. Later on in this study, velocity fields 
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Via MATLAB® (The MathWorks, Natick, MA, USA), the PIV data are processed further. Fast 
Fourier Transformation (FFT) is used to obtain frequencies dominating the bubble wake or the 
cylinder wake, respectively. Strouhal numbers are calculated using the frequencies obtained by FFT. 
The frequency analysis is carried out 1 cm downstream of the bubble or the cylinder (see Figure 4). 

Figure 2. Schematic diagram of the experiment.

The high-speed images with an equidistant timing of 2 ms between the images are processed using
commercial software (see Table 1). A Fast Fourier Transformation (FFT) correlation with a multi-grid
refinement algorithm is used. Peak search is conducted using the least squares Gauss algorithm.

In Figure 3, a raw PIV image and the related instantaneous velocity field is shown. The axis
coordinates, as well as the velocity magnitude values are given in physical coordinates to obtain a first
overview of the flow case. The direction of flow is from left to right. Later on in this study, velocity
fields are shown turned 90◦ counterclockwise. This is done for an easier readability when comparing
to velocity profiles. Velocity vector arrows are included, as well as stream traces. By following the
stream traces, one can easily observe the vortices generated within the cylinder wake approaching
the bubble.
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Figure 3. PIV processing: raw image (a) and instantaneous velocity field with physical coordinates (b).

Via MATLAB® (The MathWorks, Natick, MA, USA), the PIV data are processed further.
Fast Fourier Transformation (FFT) is used to obtain frequencies dominating the bubble wake or
the cylinder wake, respectively. Strouhal numbers are calculated using the frequencies obtained by FFT.
The frequency analysis is carried out 1 cm downstream of the bubble or the cylinder (see Figure 4).
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At this point, the velocity fluctuations over time perpendicular to the flow are monitored (see
Figure 4). An FFT leads to a spectrum of frequencies with a sharp peak. This frequency f is the
frequency of the wake and can therefore be used to characterize it. This is taken to calculate the
Strouhal number of the bubble:

Srb =
f ·db
v∞

with the frequency f, the bubble diameter db and the mean velocity that approaches the bubble v∞.
For v∞, which is calculated from the volumetric flow rate

.
V and the cross-section of the duct Aduct:

v∞ =

.
V

Aduct
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the conservation of mass is used. This is done because due to the field of view, a complete flow profile
of the duct flow is not obtained. Due to a preferably high spatial resolution (see Table 1), the whole
duct was not recorded. With the so calculated velocity, also the Reynolds numbers:

Reb =
v∞·db

ν

are calculated (kinematic viscosity ν). If the cylinder is characterized (Recyl , Srcyl), the diameter of the
cylinder is used as a characteristic length.

3. Results and Discussion

3.1. Characterization of the Vortex Street

The vortex street arising from the flow around the circular cylinder is analyzed via the calculation
of Strouhal numbers for several Reynolds numbers. Table 2 shows the results in combination with
well-established correlations from the literature [23], which are depicted in Section 1. The flow regimes
are also added to the table so that it becomes clear that the laminar and irregular vortex street with
three-dimensional effects can be produced within the experimental setup. It is visible that the Strouhal
numbers achieved in the experimental setup deviate from the theoretical values. Slightly different
geometric relationships may be the reason for this fact: The cylinder diameter is 2 cm, and the hydraulic
diameter of the duct is 10 cm (see Figure 1). Therefore, the vortex street can be influenced by the
proximity of the walls. The geometry of the duct is chosen this way to obtain the best optical access to
investigate the bubble. The optical access can be limited by choosing, e.g., a large cross-sectional area.

From the comparably high Strouhal numbers achieved in this work, it can be deduced that
the wake is stable and remains more two-dimensional than an ideal von Karman vortex street
would. This is found when comparing the results to data from numerical simulation in the transition
regime [25]. Furthermore, the cylinder has a mean averaged surface roughness of 8.8 µm. In many
literature references, also the one used for Table 2 [23], there is no information about surface roughness.
The cylinder used may therefore be rougher than the ones used by other authors. This can lead to
an enhanced detachment of the boundary layer and, thus, to enhanced vortex shedding. However,
Chen [24] summarizes that the roughness does not have a great influence on the subcritical Reynolds
number regime (Recyl < 3 × 104). Nevertheless, there is a noticeable frequency of velocity fluctuation
(see Table 2). In particular, the vortices generated behind the cylinder are very well visible when
having a look at the streamlines in Figure 3. Therefore, it can be concluded the von Karman vortex
street is generated successfully.

Table 2. Details of frequency analysis behind the cylinder.

Reynolds Number
Recyl

Flow Regime [25] Frequency of u(t)
Fluctuation/s−1

Strouhal Number
Srcyl

Calculated Strouhal
Number [23] Srcalc

100 2D (laminar) 0.06 0.24 0.17
418 3D (irregular) 0.24 0.23 0.21
418 3D (irregular) 0.27 0.26 0.21
478 3D (irregular) 0.31 0.25 0.21

3.2. Characterization of the Single Bubble

In the following, the fluid flow around the single bubble (no cylinder) is characterized. This is
done by a frequency analysis and by the analysis of the streamwise velocity component v. Since only
the equatorial plane of the bubble is illuminated by the laser light sheet (2D experiments), the velocity
is evaluated for three azimuthal angles ϕ. By monitoring several Reynolds numbers, an overview of
the flow structure depending on the relative velocity between the bubble and the liquid is obtained.

A dependency of the frequencies behind the bubble on the Reynolds number is clearly visible
in Figure 5. There, the Strouhal number of the single bubbles (right red y axis) and the frequency of
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velocity fluctuations (left blue y axis) is plotted against the Reynolds number of the bubble. For the flow
regime investigated in this work, no asymptotic value for the Strouhal number is achieved. For the
Reynolds numbers in this regime, Strouhal numbers between 0.1 and 0.18 are expected, similar to the
cylinder Strouhal number. This can be estimated from the first equation given in Section 1. While the
Strouhal numbers for the lower three Reynolds numbers are slightly below the values estimated from
the equation, the Strouhal number for Re = 148 is higher. The differences of the values that are presented
in Figure 5 may arise due to the fluidic interface; they can also be caused by three-dimensional effects.
In Section 1, critical points for the cylinder wake are mentioned. For the bubble, the three-dimensional
effects are different from the ones of the cylinder wake. For spheres, a large amount of information is
available from the literature [27]. In contrast to flow past cylinders, the wake structure behind spheres
looks different and stays planar up to Re = 350. However, there is still a lack of information regarding
the flow past spheres with the fluidic interface, as is the case for a bubble in three-dimensional flow.
For this reason, a clear statement concerning three-dimensional effects in the bubble wake cannot be
made, and further research is needed. Furthermore, it is also likely that the differences arise due to
experimental limits. For example, there is only a given amount of frequencies that can be calculated
during the FFT. When the flow is non-linear and the data are noisy, higher order dynamic mode
decomposition can be used to calculate dominant frequencies [28]. However, with the given temporal
resolution (see Table 1), the data basis in this study is considered to be large enough. It is worth
noting that the Reynolds numbers in this work are in a low-to-medium regime. For bubbles, there are
only Strouhal number correlations for much higher Reynolds numbers [2,29]. The duct Reynolds
numbers are added to an upper x axis. The fact that the data points at the highest Reynolds number
are already in a transitional regime (Red = 2421 > 2300) can be an explanation for the remarkably
higher Strouhal number.
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To characterize the flow field in the vicinity of the bubble, the mean velocity vmean in the direction
of flow is used. The non-dimensional velocities vmean/v∞ of the single bubble depend strongly on the
azimuthal angle ϕ and scale with the Reynolds number of the bubble. In Figure 6, velocities of the
bubble are plotted for two different Reynolds numbers. They are plotted over the distance from the
bubble center. Utilizing v∞ and dB, the axes are made non-dimensional. The horizontal axis starts
with 0.5, since PIV only yields information regarding the flow of the continuous phase outside the
bubble. For detailed information on the coordinate system, a schematic overview is added to Figure 6.
Data points are shown for three azimuthal angles of 0◦, 90◦ and 180◦.

At the angle ϕ = 0◦ (empty icons), the velocity decreases with decreasing distance from the
bubble until the stagnation point is nearly reached. Further away from the bubble, at r/dB < 1.5,
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it is well visible that v/v∞ is nearly equal to one. This means that the velocity calculated from the
continuity equation dominates there. At the very surface of the bubble, no velocity field information is
available since a mask has to be used to cover the bubble during PIV data processing.

At ϕ = 90◦ (light-colored icons), the fluid is accelerated near the bubble and then approaches to a
profile which is the undisturbed flow profile in the duct. Due to the position of the bubble in the center
of the duct, the undisturbed flow profile does not equal one. In the literature, there is a theoretical
curve given by Oellrich et al. [29] (semi-analytical solution for a single bubble of constant spherical
shape). This curve goes at ϕ = 90 straight to v/v∞ = 1. The reason why the experimental results from
this study differ slightly from [29] is that there is a flow profile approaching the bubble and not one
single velocity v∞. Close to the interface, the experimental data from Figure 6 decrease significantly.
This leads to the assumption that the single bubble in the experiments has only a little inner circulation.
This can be a result of the bubble fixation.

Behind the bubble, which is ϕ = 180◦ (dark-colored icons), the tangential velocity is very low
and also can be slightly negative due to back flow (Figure 6b). Here, the fluid is decelerated due to
the bubble. However, there is no back flow for the higher Reynolds number (Figure 6a). The wake
at Re = 31 is very steady, and vortex shedding is very low or does not occur at all. According to
Komasawa et al. [30], Re = 31 lies in the regime of a laminar wake, while Re = 120 lies in the regime
of a transitional wake. When comparing the findings of Komasawa et al. [30] to the findings of this
work, it has to be kept in mind that this study deals with fixed bubbles. Due to the fixation, the relative
velocity between bubble and liquid is determined by the duct flow. The shape of the bubble is spherical
due to the fixation cap, although free rising bubbles with a comparable diameter may often be already
of an ellipsoidal or cap shape. Clift et al. [2] present cases of wake shapes for several Reynolds numbers.
They describe a change from a convex to a concave shape at Re = 35.

Finally, some considerations concerning the hydrodynamic boundary layer can be made by
further analyzing the ϕ = 90◦ curve. The hydrodynamic boundary layer is defined as the thickness
that is needed until 99% of the velocity far away from the interface is reached. This is highlighted in
Figure 6a,b for the location ϕ = 90◦. It is well visible that this boundary layer is thicker for the lower
Reynolds number and thinner for the higher one. This meets the expectations. There is a rule of thumb
to estimate the boundary layer thickness of spheres [31]:

δhydr, 90◦ = 1.7db/
√

Reb

Utilizing this equation leads to theoretical values of δhydr, 90◦ = 1.89 mm for the lower Reynolds
number and δhydr, 90◦ = 0.88 mm for the higher Reynolds number. The values match the experimental
results well.
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further analyzing the  = 90° curve. The hydrodynamic boundary layer is defined as the thickness 
that is needed until 99% of the velocity far away from the interface is reached. This is highlighted in 
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3.3. Characterization of the Single Bubble Wake Influenced by the Vortex Street

The observation of velocity fluctuations is a helpful and widely-used tool to describe unsteady
flow structures. By decomposing the velocity vector into a temporal mean (highlighted by a bar
over the symbol or a mean in the lower index) and a fluctuating part (Reynolds decomposition),
statements on the turbulence and unsteadiness of a fluid flow can be made. In the Reynolds number
regime investigated in this work, the fluid flow around the bubble cannot be described as turbulent.
Nevertheless, there are unsteady motions in the wake of the bubble, and therefore, it is reasonable to
use root mean square (RMS) velocities. They are calculated by the following:

uRMS =

√
(u − u)2

In this work, uRMS depicts the fluctuations perpendicular to the flow direction. This is shown in
Figure 7a,b along the y coordinates along a line downstream the bubble (see Figure 4 or Figure 6
for orientation). Utilizing v∞ and dB, the axes are made non-dimensional. Expectedly, uRMS is
dependent on the Reynolds number and increases with increasing distance from the bubble. It is
expected to again decrease further downstream. The dependency on the Reynolds number is weak
for the lower three Reynolds numbers. The profiles for Re = 43, Re = 86 and Re = 129 do not differ
much; they even intersect. However, what is remarkable is that for similar Reynolds numbers of
about Re = 150 (circular symbols), uRMS is influenced by the vortex street (filled icons). There are
two different staggered configurations presented in Figure 7: A cylinder with 2 cm in diameter,
5.5 cm from the bubble (L* = 5.5 cm/2 cm = 2.75), and a cylinder with 2 cm in diameter, 2 cm from
the bubble (L* = 2 cm/2 cm = 1) (see Figure 1). Both cylinders enhance the velocity fluctuations
downstream the bubble and, thus, the cross-mixing within the bubble wake. The cylinder further
away (L* = 2.75) increases uRMS to a higher extent (dark-colored icons) than the cylinder which is
closer to the bubble (L* = 1) (light-colored icons). To further discuss this point, the fluctuations for the
two configurations are plotted for two different Reynolds numbers in Figure 7b. There, it is visible
that the type of configuration, i.e., the value of L*, affects the fluctuations to a greater extent than the
Reynolds number. The development of uRMS is very similar for Re = 126/L* = 2.75 and Re = 163/L* = 1,
even though the Reynolds numbers differ. The stronger influence of the L* = 2.75 configuration of
the uRMS profile can be explained as follows. Due to the larger distance between the bubble and the
cylinder, the vortex street is further developed for L* = 2.75. With increasing distance from the cylinder,
this momentum affects a larger area of the flow field (like in a free jet) and therefore leads to higher
values for uRMS and to a wake that remains for a longer distance because even the dissipation of energy
in the larger area needs a longer time (respectively longer way) compared to the case for the L* = 1
configuration. The vortices are detached from the cylinder over a longer distance and are accelerated
by the surrounding fluid flow. This development leads to a higher momentum within the wake.
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Figure 7. Vertical root mean square velocities downstream the bubble at the rear stagnation point,
ϕ = 180◦ (y/dB = 0: surface of the bubble). (a) Comparison with and without the vortex street;
(b) comparison of different configurations and Reynolds numbers.

To get a deeper insight into this finding, velocity profiles of mean velocities in the flow direction
(y direction) are plotted in Figures 8–10 at several locations downstream the bubble. The distances
from the bubble are given in bubble diameters (d). Velocity fields for the whole viewing field including
streamlines are added in small pictures to the profiles. The bubble, as well as the shadow of the bubble,
which occurs as a result of the laser light sheet illumination, are marked. Due to the bubble, the mean
velocity in the y direction vmean decreases dramatically. Further away from the bubble, vmean again
increases. The width of the primary bubble wake is in the order of the bubble diameter. The sharp
changes in vmean depict the spatial extension of the primary bubble wake. In Figure 8, it can be seen
that in absence of a cylinder wake, these sharp changes blur with increasing distance from the bubble
until they are no longer sharp for a distance three bubble diameters from the rear stagnation point
(180◦). In the presence of cylinder wakes (Figures 9 and 10), the velocity profiles look different. Due to
the cylinder, which is located at positive x values, upstream the bubble, the velocity increases to a
lesser extent to the right from the bubble (increasing x values). The influence of the different cylinder
setups is well visible: for the L* = 1 configuration, the primary cylinder wake is still visible. This leads
to a more rapid blurring of the bubble wake: already one bubble diameter behind the rear stagnation
point, the bubble wake is no longer sharply recognizable. For the L* = 2.75 configuration, the bubble
wake is blurred 1.5 diameters behind the rear stagnation point. This means that the presence of the
cylinder wake shortens the primary bubble wake length. The three-dimensional effects found in the
cylinder wake may enhance this effect. The higher value of L* leads to a stronger increase of the vertical
RMS velocities, whereas the bubble wake length remains longer. Between the bubble and the cylinder,
an inner shear layer is formed, which is described later on when Figure 11 is discussed. This shear
layer transfers momentum from the cylinder wake into the bubble wake. Since the momentum within
the cylinder wake for the L* = 2.75 configuration is considered to have a larger momentum (see the
discussion of Figure 7b) close to the bubble, the inner shear layer can transfer the momentum to the
bubble wake. Thus, the bubble wake remains longer for this configuration. Furthermore, it is visible
that for the L* = 1 configuration, the bubble wake is attracted strongly to the cylinder wake. The bubble
wake is therefore pulled away. It does not remain downstream the bubble, but it is drawn in the
positive x/dB direction. As mentioned earlier, the cylinders enhance the cross-mixing (higher uRMS
velocities, Figure 7) and, thus, the interaction of the wake with the external flow. The observation
of the shortened primary wake leads to the assumption that not only the cross-mixing, but also the
downstream mixing is enhanced. This downstream mixing is enhanced more strongly for the L* = 1
configuration due to the shortened wake. Transferred mass from the bubble into the liquid may
therefore be mixed into the liquid remarkably faster.
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Due to the fact that the centers of the cylinder and the bubble are at different x coordinates,
the cylinder wake attracts the bubble wake, and therefore, it is slightly shifted to the right (higher
x values). This is more clearly visible for the L* = 1 configuration. The formation of an asymmetric
wake structure of both the bubble and the cylinder is a convincing explanation of why the L* = 2.75
configuration leads to higher velocity fluctuations directly behind the bubble in Figure 7.

For both configurations of bubble and cylinder, no dominating frequency could be found at the
observation point 1 cm behind the bubble. Thus, no Strouhal numbers are calculated. From Figure 7,
it could be learned, however, that the vertical velocity fluctuations increase behind the bubble.
By observation of the temporal vertical velocity profiles, it could be deduced that the fluctuations
increase in an irregular manner, which explains the fact that no sharp peak in the power spectrum
is found.

The interaction of the bubble wake and the cylinder wake is strongly dependent on the distance
between them. Strong wake interaction is well visible for L* = 1. The formation of an inner shear
layer resulting from proximity and wake interference can be observed by following the stream traces.
In this study, for the sake of simplicity, it is called the inner shear layer. Strictly speaking, according
to Sumner [17], it consists of the upstream inner shear layer (cylinder), the downstream inner shear
layer (bubble), as well as the gap between them. Tokuhiro et al. [21] observed a jet-like behavior
when investigating two bubbles in a parallel configuration. Due to the staggered configuration of
this work, a jet-like behavior cannot arise; however, the complex interaction of shear layers is visible.
Along the inner shear layer, vortices and even coupled vortices occur. It has to be pointed out that
wake interaction can be investigated better by analyzing instantaneous velocity fields. This is depicted
in Figure 11. Instantaneous velocity fields of the velocity magnitude are presented for three time steps.
Again, the bubble and the bubble shadow are marked. Observation of the stream traces gives insight
into the vortex structures, which approach the interface. Many vortices are formed along the inner
shear layer, which is highlighted white in Figure 11. A good way to analyze flow structures is to use
flow topology [32–34]. For the flow around cylinders, proper orthogonal decomposition, dynamic
mode decomposition and critical point theory have been applied to experimental and numerical
data to analyze the flow structure [35,36]. This gives the opportunity to make statements concerning
the kinetic energy distribution within nonlinear and unsteady flow [35]. Vortices can be detected
furthermore via vortex detection criteria [37–39]. Following the streamlines can give a first visualization
of vortices within instantaneous flow fields. A node (critical point) shows the presence of a vortex,
while the limiting streamlines follow the trajectory of the inner shear layer. The vortex is separated
from the bubble by the inner shear layer. Jeong and Hussain [38] suggest a criterion that identifies
local pressure minima by making a critical point analysis of the Hessian of pressure. Starting with
the Navier–Stokes equation for incompressible flows and neglecting unsteady irrotational straining
and viscous effects, they find that a vortex core is a connected region with two negative eigenvalues of
S2 + Ω2. This condition is equivalent to the condition that after ordering the eigenvalues according
to size (λ1 ≥ λ2 ≥ λ3), the second eigenvalue has to be negative: λ2 < 0. For this reason, it is
called the λ2 criterion. At the point where the inner shear layer touches the bubble, the application
of the λ2 criterion yields a minimum (see Figure 11, marked purple). This location can therefore be
interpreted as an important point from which the separation of vortices from the bubble starts. Only
the vortices that are formed downstream the bubble move visibly in the direction of flow. Interestingly,
it can be observed how a coupled vortex is formed, which is also located close to the inner shear
layer: in Figure 11c, two vortices rotating in opposite directions are visible at the upper part of
the image. This is also found by Hu and Zhou [40], who call this phenomenon vortex pairing and
enveloping. In studies dealing with flow around circular cylinders [15,16], the flow is classified based
on interference. This classification says for the flow case in this work that there should be proximity
and wake interference, which matches the findings of this work. This accordance is remarkable since
most studies are carried out at much higher Reynolds numbers and with cylindrical bodies with
equal diameters.
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As is the case for all experimental investigations, there are several shortcomings of this study,
which will be discussed in the following. It has to be mentioned that the measurements take place in a
two-dimensional plane. Therefore, three-dimensional effects cannot be observed. Vortices moving out
of the laser light sheet plane cannot be tracked once they have left the illuminated area. Trajectories
of vortices are therefore not identified in this work. This can be overcome in the future by carrying
out three-dimensional measurement methods, e.g., tomographic PIV [41]. As was already discussed
earlier, events that take place very close to the interface cannot be tracked via PIV. This is observable in
Figure 6. Due to a mask, which has to be put over the bubble during PIV processing, the velocities
close to the bubble are low. It is not clear whether there is in fact only very little internal circulation
within the bubble or whether the velocities close to the bubble are underestimated due to the data
processing. Eventually, the fixation of the bubble reduces the degrees of freedom of the bubble motion.
Free rising bubbles undergo different shape regimes as a function of the three non-dimensional
numbers, Reynolds, Eotvos and Morton [2]. In contrast to free rising bubbles, the shape of the bubble
in this study is constantly spherical. This slightly idealized system has been chosen deliberately since
only with a fixed bubble, these deep insights into bubble and cylinder interactions could be carried out.
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4. Conclusions

This study presents the detailed experimental investigation of a single bubble wake in a vortex
street behind a cylinder. 2D2C high-speed PIV experiments are conducted to obtain information about
velocity profiles and flow structures close to the single bubble. After characterizing the cylinder wake,
the flow field around the single bubble is analyzed. For this purpose, streamwise velocity components
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are determined for three azimuthal angles and discussed. Perpendicular to the direction of flow,
at ϕ = 90◦, the thickness of the hydrodynamic boundary layer is estimated.

The streamwise velocity profiles of the single bubble are highly dependent on the azimuthal
angle and on the Reynolds number of the bubble. The hydrodynamic boundary layer scales with
the Reynolds number. Due to the flow profile within the duct, the velocity towards the bubble is not
uniformly v∞. This leads to the question of how the boundary layer can be estimated even if there
is no uniform velocity. This is also the case for the flow field of the interacting bubble and cylinder.
From our point of view, it is necessary to have a more general definition of the boundary layer than
the 99% criterion.

By analyzing the root mean square velocities behind the bubble, the influence of the cylinder
wake is clearly visible. Velocity profiles of the mean velocity in the direction of flow show the different
effects of the two configurations of a bubble with and without a cylinder. The type of configuration (L*)
influences the fluctuations to a greater extent than the Reynolds number. Both configurations show
that the deceleration of the fluid behind the bubble is compensated earlier than in absence of a cylinder
due to momentum transfer by cross-mixing. In combination with the higher RMS velocity profiles,
this finding indicates that the cylinder wake enhances the cross-mixing close to the bubble.

For the L* = 1 configuration, direct wake interactions are apparent. The evaluation of instantaneous
velocity fields shows the formation of an inner shear layer, which is comprised of the shear layers of
the bubble and the cylinder and a gap between them. Along this inner shear layer, vortices and even
coupled vortices are formed. It furthermore turns out that the cylinder wake attracts the bubble wake
and a joint wake is formed. This interaction of shear layers is considered to be a dominant mechanism
for mixing and mass transfer in bubble swarms. Furthermore, in the case of fast parallel or consecutive
reactions, the contact time between gaseous and liquid educts might be influenced by the interaction
of shear layers, leading to different yield and selectivity.

Future studies are intended to study how mass transfer from a single bubble is influenced by the
interaction of shear layers in a vortex street without and with chemical reaction. In combination with
the results of this study, a deeper understanding of the influence of vortex structures on the transport
of momentum and mass at fluidic interfaces will be achieved.
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