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Abstract

The use of air-filled soap bubbles with diameter 10-30um is demonstrated for volumetric velocimetry in air

flows covering domains of 75-490cm?. The tracers are produced by a novel system that seeds high-density
soap bubble streams for particle image velocimetry applications. Particle number density considerations,
spatial resolution and response time scales are discussed in light of current seeding techniques for volumetric
measurements. Finally, the micro soap bubbles are employed to measure the 3D velocity field in the wake
of a sphere immersed in a turbulent boundary layer.

1 Introduction

Volumetric velocimetry is a key enabler for understanding turbulent flows, which are inherently unsteady
and three-dimensional. Multiple methods have been designed to measure 3D velocity fields accurately.
In particular, particle image velocimetry (PIV) and particle tracking velocimetry (PTV) are now widely
employed in various flow configurations (Discetti and Coletti,[2018)). All of these techniques rely on imaging
of discrete seeding tracers suspended in the flow. While larger seeding particles scatter more light from the
illuminating source, smaller ones follow the flow more accurately and can resolve smaller scale variations.
This trade off is inherent to particle-based velocimetry (Mellingl, (1997).

Current seeding tracers for air flows include oil and di-ethyl-hexyl-sebacic acid-ester (DEHS) droplets
as well as soap bubbles filled with a low-density gas such as helium. While droplets of size 1um typically
can follow fluid elements faithfully and remain suspended in the flow, the maximum size of the volumetric
domain considered is usually limited to smaller than 50cm? (Scarano, 2012). On the other hand, large
helium-filled soap bubbles (HFSB) ranging from 1 mm to 5mm allow only qualitative investigation of larger
domains, as they do not faithfully follow the flow like neutrally buoyant bubbles (Kerho and Bragg, |1994).
Sub millimeter (300um) helium-filled soap bubbles have also been utilized for large-scale aerodynamic
applications (Scarano et al., 2015) in domains larger than 4500cm?, in both low and high-speed tomo-PIV
configurations.

A compilation of volumetric measurements in air flows using these seeding strategies is shown in figure
1. There is a noticeable gap between volumetric domains in the range between nearly 50cm?® and 5000 cm®.
This is an effect of the large difference between the mean seeding diameters of DEHS droplets and HFSB
bubbles. The purpose of the current work is to demonstrate the viability of smaller size air-filled soap
bubbles as seeding tracers in gas volumes of intermediate size. The bubbles are generated by the rapid
depressurization of a pressurized mixture of liquid and surfactant. The depressurization causes the gas to
leave the liquid media. This controlled degasification inside a reservoir produces a large number of soap
bubbles with mean diameter of 15um. The bubbles can be imaged easily either by low or high-speed light
sources, yet they are small enough to resolve turbulent flow structures in intermediate-size domains.
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Figure 1: Compilation of volumetric velocimetry investigations in air flows: acquisition frequency of the
PIV set-up and the imaged volume. References: (Atkinson et al., 2011), (Kiihn et al., [2011)), (Cafiero et al.,
2015),(Caridi et al., [2016), (Boushaki et al., 2017), (Probsting et al., [2013)), (Ghaemi and Scarano, 2011),
(Schneiders et al., 2016} Schneiders and Scarano, 2016), (Elsinga et al., 2006), (Schroder et al., 2008),
(Humble et al., 2009), (Terra et al., 2017, |2018]), (Scarano et al., [2015), (Violato et al., [2011), (Michaelis
et al., [2012), (Fukuchi, [2012) and (Staack et al., 2010). The squares represent volumetric measurements
using seeding particles with diameter of about 1um, while the circles indicate investigations where HFSB
were used. The crosses represent the two volumetric domains considered in the present work.

The paper is organized as follows. In section §2, we discuss spatial and time scale considerations
for volumetric velocimetry in air flows, focusing on the seeding size and properties. The methodology to
generate the soap bubbles and their characteristics are outlined in §3. A demonstration of the use of micro
soap bubbles in a wind-tunnel is provided in section §4. Finally, our concluding remarks and perspectives
on these new seeding tracers are discussed.

2 Considerations of seeding size and 3D velocimetry

Two seeding limits must be considered to obtain 3D velocity fields. First, for a given volume and optical
system, the particles should be large enough to be imaged by the camera sensors. Second, to increase the
spatial resolution of the resulting volumetric field, one should maximize the number of identifiable particles
in 3D sub-domains (voxels, for 3D-PIV or particle separation, for PTV based methods) by decreasing the
diameter of the seeding tracers and the number of pixels they occupy in the camera images. For a given
imaging system, we address the following questions: in a volumetric domain, what is the minimum seeding
tracer diameter necessary to obtain a sufficient number of image pixels in the camera sensor? Then, how to
relate the spatial resolution of the velocity measurements with the seeding size?

Let us consider a camera with a pixel resolution [*, pixel pitch Apix equipped with an optical system
with numerical aperture fx imaging a volume V = L X H x W by the use of an illuminating source with
wavelength A.

The optical magnification is given by

I* Apix
M= 7Lp (D

and the depth of focus reads

2
AZ = 4.88f*\ <1+A1/I> ) ()



Let d, be the diameter of the seeding particle. The pixel normalized image diameter in the camera sensor
can be calculated from

\/(Mdp)2 + dgise > + dg*
&t = -
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pix
where dgigr = 2.44Mfu(1 + M) is the diffraction limited minimum image diameter and dp is the blur circle
diameter (Raffel et al.,|2018; Scarano, [2012).

By imposing a minimum image diameter d;" required to identify and to track the tracer, we obtain the
minimum physical tracer diameter

d*Aixz_di”z_d*Aix2
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Let us take the example of the experiments performed in Scarano et al. (2015) with HFSB bubbles.
The illuminated volume was such that L = H = 200mm, W = 120mm, [* = 1024px, Auix = 20um and
f# = 32 to ensure focus along all the depth W (AZ ~ 300mm). Assuming d;* = 3px and the blur circle
of dg* = 1px, we obtain d, ~ 320um, a consistent value when compared to the actual size of the helium
bubbles. Now, decreasing the domain size to L = H = 60mm while keeping all other parameters the same
requires a minimum particle diameter of about d,, ~ 30um with AZ ~ 40mm, i.e. an equivalent volume of

approximately V ~ 140cm?® when compared to V ~ 4800cm?® from [Scarano et al.| (2015). These examples
clearly show that, to achieve intermediate volumetric domains, seeding tracers with diameter an order of
magnitude smaller than HFSB are preferable, but still much larger than DEHS droplets used for smaller
domains.

We consider now the same domain V = L x H x W divided in voxels. We define /g as the length of the
interrogation box (IB), i.e. the spatial resolution of the particle-based velocimetry. The number of seeding
particles within the interrogation box is given by:

Npyy = 1y X PPV (5)

Here, n,,, is the number of voxels per interrogation box, while PPV is the number of particles per voxel.
Considering the volumetric particle concentration C = N,,/V, PPV reads

A\’
PPV =C |22 . 6
(%) ©
By writing the particle concentration C as a function of the source density Ny (Scarano},[2012) and particle
diameter d;, we obtain:
Ny [ M\ 4
o=V ( ) . ™
w Apix Ttd,
Then, the number of particles per interrogation box reads
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Assuming n,,, = (Iig/1,)?, where [, is the voxel length, and noting that IA—M =1, we write
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Finally, for a desired number of particles per IB, usually between 5 and 10 particles (Scarano, [2012) we
note that

1

Iig o< di’ Ny 3. (10)



While the source density will be set to a limit to increase the accuracy of the tomographic reconstruction,
decreasing the particle size may reduce the IB length scale or increase the PIV spatial resolution. Thus, for
intermediate sized volumes, there will be a substantial gain in the number of velocity vectors by decreasing
d,, from 300 um to 30 um, for example.

3 Description of the current seeding methodology

3.1 Hardware description

In conventional methods of generating bubbles, an air stream is pushed (or blown) through a liquid film.
An illustrative example of this process is making soap bubbles by blowing air through a film of soap that is
formed on a wire frame. The size of the wire frame (or orifice diameter in cases that a nozzle is used) deter-
mines the limiting dimension of the bubbles produced. The method described here overcomes this limitation
by using the process of cavitation in liquid media. The basic concept relies on the rapid depressurization
of an already pressurized mixture of liquid containing a desired amount of surfactants (or any liquid with
surface tension less than that of pure water). The current device consists of a 15 gallon (57 liters) reservoir
filled approximately one-third full with a 5% water-surfactant solution. A drain at the bottom of the reservoir
feeds the solution through a set of particulate filters and then to a reciprocating piston pump that pressurizes
the fluid to about 70 bars (or 1000 psi).

Micro bubble
exit section

Figure 2: Micro bubble generator.

The pressurized liquid then travels through high-pressure tubing to a set of 10 nozzles with orifice
diameter of less than 1 mm. The water-surfactant solution and dissolved air rapidly expand at the nozzle
exit and then collapse due to the cavitation process. The implosion process of the bubbles further fragments
the initial bubble into many smaller micron-sized bubbles. The bubble plume is exhausted from the nozzles
into the reservoir which contains an opening at the top. Pressurized air is introduced into the reservoir in
order to force the bubbles out, while simultaneously creating a mild cyclonic flow within the chamber that
causes larger bubbles and droplets to impact the sidewalls and become reintroduced into the solution. The
bubbles that escape are primarily neutrally buoyant and most of the bubbles created in this way remain
suspended for long periods of time.

3.2 Bubble characterization

Figure [3(left) shows bubbles imaged using a high magnification lens. In order to characterize the bubble
size, a phase Doppler particle analysis (PDPA) system was used [1980). PDPA uses a set of crossed
laser beams to create an interference fringe pattern at the point where the beams cross. Spherical particles
passing through the beam crossing scatter light collected by a receiver with an array of three detectors. The
phase lag of the scattered light between detectors is proportional to the particle diameter.

A flexible tube 10 cm in diameter and 3 meters long was attached to the exit on top of the bubble
generator. The PDPA system was positioned to measure the bubbles as they exited the tube. The generator



Table 1: Stokes number and relaxation times for several tracers including the micro-bubbles of the current
study.

Seeding tracer Density (kg.m™3) Diameter (um) Stx (1kHz) Response time T, (us)

DEHS 912 1 0.01 3
Olive oil 917 1 0.01 3
Current study 40 15 0.12 28
HFSB 1.1 500 4.14 844
Air bubbles 4.4 400 3.31 2161

produced a concentration of bubbles on the order of 107 bubbles per second at the measurement volume.
Figure [3[right) shows the measured diameter distribution of the bubbles generated by the device. The mean
diameter was 14.7 um with a standard deviation of 7.3 um.
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Figure 3: High-resolution image of micro soap bubbles (left) and their size distribution (right).

3.3 Bubble response time

A primary factor that affects the ability of the particle to follow the flow in a faithful manner is the drag
force acting on the particle. Relaxation time (or, response time) and Stokes number are related to the fidelity
of tracer particles accurately following the flow. Relaxation time (T,) represents the characteristic time
required for a tracer particle to reach an equilibrium condition after a flow disturbance. The relaxation time
is commonly calculated using the following form

2 Pp
T, =d, 1830 (11)

where d), is the particle diameter, p, the particle density and u the dynamic viscosity of the ambient fluid.

The Stokes number (Stx) is defined as the ratio of the characteristic time of a particle to a characteristic
time of the flow. The commonly used definitions for these quantities are listed according to those given in
Melling| (1997)); Raffel et al.|(2018). The values for relaxation time and Stokes number for various particles
are given in table 1. Here, the value of Stk is obtained based on the flow time scale associated to motions of
1kHz frequency.

The Stokes number of the micro-bubbles was found to be Stx ~ 0.12. In general, a Stokes number of
0.1 or less is desired for particles to faithfully follow the flow (Tropea and Yarin, [2007).

4 Results and conclusions

Experiments were conducted in two wind-tunnels of the Department of Aerospace Engineering and Mechan-
ics of the University of Minnesota. Preliminary tests demonstrated the capability of performing large-scale



volumetric measurements within a domain of 490cm? in a closed-circuit wind-tunnel. This volume lies be-
tween the traditional volumetric domains investigated using either DEHS droplets or HSFB bubbles. After
filling the tunnel with bubbles, the bubble generator was turned off for the bubbles to recirculate for 5 min-
utes. Then a timer was started and bubble concentration measurements were performed. After an additional
5, 10, and 20 minutes, 64%, 47%, and 33% of the bubbles remained, respectively.

Another set of experiments was performed in an open-circuit wind-tunnel as shown in figure[d(a). A trip
wire was placed at the entrance of the wind tunnel to generate a turbulent boundary layer. The wind tunnel
has a cross section of 600 x 600mm and a maximum flow speed of 40ms~!. The wind tunnel was driven
by a frequency controlled variable speed motor and operated here with a fixed free-stream velocity U, of
3ms~!. The estimated friction Reynolds number of the developing turbulent boundary layer is Re; = 500.

For volumetric velocity measurements, a V3V-Flex system from TSI Incorporated was employed and
displaced according to the sketch of figures ffa,b). Four 4MP cameras (Cam1 to Cam4, 2560 x 1600 pixels)
equipped with Scheimpflug adapters were aligned in a planar configuration to image the illuminated vol-
ume. Each camera was equipped with a 135mm lens and the f-number was set individually to consider the
forward/backward scattering effects (forward scattering: Cam1 and Cam4; backward scattering: Cam?2 and
Cam4). The measuring volume was illuminated by a 30mJ/pulse dual-head Nd:YLF laser positioned at the
open outlet of the wind tunnel. The volume of interest (VOI, dimensions 90 x 56 x 15mm?) was located
1650 mm downstream of the trip wire with its side plane lies in the center line of the wind tunnel. A timing
box was used to synchronize the laser pulses and the cameras. Throughout this section, the streamwise,
wall-normal, and spanwise directions are denoted by x, y, and z, respectively. The instantaneous velocity
fluctuations in the corresponding directions are denoted by u, v and w, while the associated mean velocities
are defined by U, V and W, respectively. All quantities normalized by the boundary layer friction velocity
u; and the kinematic viscosity v are denoted with a superscript +. The root mean square value of a quantity
is denoted by a prime ((')) and its ensemble average is represented by an angle bracket (<>) .
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Figure 4: Sketch of the experimental setup. (a) Top view of the wind tunnel; (b) 3D view of the coordinate
system and arrangement of cameras, sphere, and VOL

Measurements were conducted at two flow configurations: free-stream (FS) and sphere-perturbed (SP)
turbulent boundary layer. For the SP case, a sphere (diameter D = 25mm, D" = 240) fixed by a spanwise
stick was placed inside the test section 109 mm upstream of the VOI center location (see red cross in fig-
ure [(a)). Two SP cases were considered by changing the gap distance G between the bottom of the sphere
and the wall, G =0 and R, where R is the sphere radius. These two configurations are denoted as SP-GO and
SP-GR, respectively. In all cases, the time interval between successive frames was 150 us and two sampling



frequencies 60 Hz and 400 Hz were selected.
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Figure 5: Binned vectors in a uniform grid.

Both the calibration and image processing steps prior to volumetric velocity computation were per-
formed in Insight V3V 4G. For image processing, the raw images were pre-processed using the following
steps to reduce background and noise effects: 1) apply a 3 x 3 pixels Gaussian filter to remove the noise; 2)
subtract a local median (9 x 9 pixels) to remove the background; 3) subtract a constant intensity of 10 and
multiply by a constant value of 5 to increase the contrast; 4) apply a 7 x 7 pixels Gaussian filter to facilitate
the particle identification process. For each snapshot, the number of identified bubbles within the VOI was
in the range 5000-8000. The 3D velocity vectors associated to these bubbles were binned into a uniform
grid with removed bad vectors (exceeding the mean value = three times the standard deviation in each bin)

to obtain the flow fields with a uniform vector spacing of 2 x 2 x 2mm?>. The outliers of these flow fields
at each grid point were further removed (exceeding the mean value + P times the standard deviation, where
B = 3 for u and v components, = 2 for w given the higher uncertainty for the w component). Figure
shows an instantaneous snapshot of the binned velocity vector field.

The capability of the micro soap bubbles was first investigated under the free-stream condition by com-
paring the statistical velocity profiles with results from direct numerical simulations (DNS) of a turbulent
boundary layer at similar Reynolds numbers (Re; = 580). The numerical data set is extracted from Jiménez
. As presented in figure[6] the profiles of the mean streamwise velocity U, the velocity fluctua-
tions (¢, v and w' ) and the Reynolds shear stress < uv > agree quite well with those from the DNS, thus
validating the turbulent boundary layer condition.

Figure [7] depicts two flow snapshots each of the sphere-perturbed configurations (SP-GO and SP-GR).
In the case where the sphere is close to the wall (SP-G0), the majority of vortical structures induced by
the sphere are located within 0 <y < D. Also, these shed structures present mainly a negative vorticity
sign (clockwise rotation), while alternating vortices are shed from the sphere for the SP-GR configuration
shown in figures[/(b,d). In this case, the vortical activity is spread across the region within 0.5D <y < 2D.
The complexity of the vorticity field can be explained by the combination of vortices convected within the
turbulent boundary layer, the ejected fluid below the sphere and the vortex shedding downstream of the
sphere.

The current experiments demonstrate the feasibility of volumetric velocity measurements in air flows
within intermediate-sized volumes using micro soap bubbles. The mean diameter of these bubbles being
approximately 15um allows one to resolve smaller scales of the flow field, as demonstrated here for the
case of a sphere wake immersed in a turbulent boundary layer. Both the wake structures and the boundary
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Figure 6: Wall-normal velocity profiles of the inner scaled (a) streamwise velocity, (b) turbulent intensities
and Reynolds shear stress for the free-stream condition.
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Figure 7: Instantaneous flow fields for sphere-perturbed configurations. (a,c): SP-GO; (b,d): SP-GR. The
top and bottom rows are two instants with time separation Az™ = 13. The vectors on each plane are the
in-plane fluctuating velocities while the color denotes the out of plane component of vorticity. The yellow

iso-surface depicts flow structures identified with the Q-criterion where Q = 20005 2.

layer statistics were successfully measured with a reasonably good spatial resolution. This seeding method-
ology thus complements the current methods for volumetric measurements in air flows for the range of
intermediate-size volumes. In addition, it provides high-density seeding for further particle tracking and
time-resolved velocimetry techniques (Schanz et al., 2016)
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