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Three-dimensional measurements of deformable oil droplets in turbulence
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ABSTRACT

This work introduces an experimental facility designed to generate turbulence with a high energy dissipation rate

of up to 0.3 m2s−3, sufficient to induce deformation and fragmentation of oil droplets. The turbulence is produced

by opposing arrays consisting of 24 jet streams in total, each with Reynolds numbers ranging from 12,000 to 50,000.

Flow regimes are determined using 3D Particle Tracking Velocimetry (PTV) conducted in the center of the octago-

nal test section. The statistical analysis of the turbulence reveals a nearly homogeneous and isotropic nature. A 3D

imaging system, equipped with six high-speed cameras, allows for the reconstruction of droplets using the multiple

algebraic reconstruction technique algorithm, fostering both visualization and quantification of interface deformation.

Additionally, the system enables the tracking of the breakup process. The presented setup is able to couple the mea-

surements of the droplet shapes with surrounding turbulence in 3D dproplet topology reconstruction coupled with

surrounding flow measurements. We demonstrate the capability of our imaging system and reconstruction methods

for multiphase flow studies with an example of full 3D droplet topology reconstruction coupled with surrounding

flow measurements.

1. Introduction

In the pursuit of a comprehensive understanding of turbulent flows and their implications for
multiphase systems, this work introduces an experimental facility dedicated to the study of con-
trolled turbulence at high dissipation rates (ε). In the past, various facilities have been constructed
to investigate high Reynolds numbers, including traditional wind tunnels, water tunnels, coaxial
counter-rotating disk systems, and Taylor-Couette setups, among others. Despite the extensive
focus on achieving high Reynolds numbers over the decades, the impact of the high energy dissi-
pation rate has received less attention, even though it holds greater significance than Re in mul-
tiphase flows (Masuk, Salibindla, Tan, & Ni, 2019). In particular, deformation and fragmentation
of droplets is influenced by small-scale local flow structures governed by ε. The combination of
controlled turbulence, high dissipation rates, and advanced three-dimensional imaging techniques
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marks a significant advancement to unravel the nuances of multiphase flows, particularly shed-
ding light on the behavior of oil droplets under dynamic conditions.
We introduce a jet facility designed to investigate the changes in topology of droplets and bubbles
dispersed in homogeneous isotropic turbulence (HIT). If ϵ is high, it means the turbulent pressure
fluctuations are strong enough to overcome the interfacial tension and cause the droplet to break
apart. However, if the droplets have a high internal viscosity, they can better resist these interfa-
cial deformations. Consequently, droplets with higher viscosity require even higher values of ϵ to
break. In addition, the breakup is driven by eddies of similar size to the droplet diameter (Ni, 2023).
Although the last assumption has been challenged recently (Qi et al., 2022; Vela-Martín & Avila,
2021). In the end, the breakage of droplets and bubbles by turbulence is a critical phenomenon that
still demands a thorough understanding (Deike, 2022; Ni, 2023; Vela-Martín & Avila, 2022). The
findings demonstrate that, under these specific flow conditions, neutrally buoyant oil droplets can
undergo deformation and breakage within the controlled volume for an extended duration. The
employment of a state-of-the-art 3D time-resolved imaging system, specifically a Particle Image
Velocimetry (PIV) setup with six high-speed cameras, enables to generate a homogeneous source
of data that can lead to further investigation on this problem of fundamental importance for a
number of industrial and environmental applications.
In this study, we describe a novel octagonal water tank designed to generate intense turbulence
using two opposing jet arrays operating in continuous flow. This facility can achieve exceptional
Reλ and ϵ values while maintaining high isotropy and minimal mean flow. By adjusting the jet
velocities and the distance between the jet arrays, we can use ϵ scaling and decay to optimize
the turbulence characteristics at the tank’s center. This setup is ideal for our primary objective of
studying droplet deformation and breakup in homogeneous isotropic turbulence (HIT). It allows
us to explore a broad range of droplet internal viscosities and Weber numbers (We) while adhering
to the key assumptions of the Kolmogorov-Hinze framework. Additionally, although our focus is
on droplets in turbulence, this new facility is suitable for a variety of single-phase and multiphase
flow applications.

2. Experimental apparatus

The experiments were carried out in a water loop featuring a centrifugal pump (5.5 kW) with a
nominal power of 6.5 kW, capable of circulating up to 18 m3/h of unloaded water. The schematic
of the facility is illustrated in the figure 1. The test section was constructed from 25 mm thick
cast acrylic in an octagonal shape to facilitate optical access, with a hydraulic diameter of approx-
imately 21 cm. Figure 1(a) illustrates the octagonal tank. We had 80 cm of optical access in the
central section. A window in the top center section was included for placing a calibration target
in the tank. Turbulence was generated by two opposing jet arrays connected to the ends of the
test section. Each array consisted of 12 rigid pipes 0f 6 mm diameter. Each jet released flow with
an initial velocity (Vjet) ranging from 2 to 14 m/s, resulting in jet Reynolds numbers (Rejet) from
12,000 to 100,000. The relatively high velocity was necessary to generate a high turbulent energy
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dissipation rate and increase the probability of droplet breakup. Under the region of interest, at
the center of the test section, is placed the needle used to inject the oil droplets.

Figure 1. a) Picture of the experimental set-up with test section imaging system. b) Schematic of the test section.

The image acquisition consisted of six high-speed cameras model Phantom VEO 340L, with res-
olution of 2560×1600 pixels and 10 µm pixel pitch. The cameras were equipped with 100 mm
focal length Tokina macro objective and mounted in Scheimpflug condition. The optical magnifi-
cation was approximately 0.6 and the extent of the measured domain was approximately 4×4×4
cm3. Throughout this work, we used four cameras to retrieve the single-phase turbulence statis-
tics (setup shown in Figure ??). The setup with six cameras is recommended for the two-phase
measurements: using more cameras allows capturing more tracers near the interface (Masuk, Sal-
ibindla, Tan, & Ni, 2019) and fosters better quality of the 3D shape reconstruction (Masuk, Sal-
ibindla, & Ni, 2019). Image acquisition and processing was done using the LaVision software
DaVis 10.2.1.

We used different illumination systems for the single- and two-phase cases. For single-phase mea-
surements, we used a dual-cavity laser Nd:YAG Litron LD25- 527, synchronized with the cameras
by a LaVision Programmable Timing Unit X (PTU X). For the two-phase case, we used dedicated
LEDs from PHLOX (HSC Backlight) opposing each camera. The first setup was advantageous for
the LPT —we were able to detect more particle trajectories per unity of volume. However, the laser
was inadequate for droplet visualization as the interfaces reflected the laser sheet and cast shad-
ows in the measurement volume. With the backlight system, one can obtain a sharper projection of
the droplets silhouette and still track the particles shadows (Chang et al., 2023; Masuk, Salibindla,
Tan, & Ni, 2019).

In both cases, the water was seeded with 20 µm polyamide particles (1.03 g/cm3 density). The
ratio between particle diameter and the Kolmogorov length scale, η, was of O(0.1–1). The seeding
particles could be treated as tracers as their response time were much smaller than the Kolmogorov
time scale, τη (St ≈ 8× 10−4, where the Stokes number is the ratio between particle response time
and τη Raffel et al. (2018)). The laser sheet illuminated the seeding particles from the test section
bottom wall, entering with an angle to deviate from the droplet injection components. We used a
set of lenses and mirrors to adjust the sheet thickness to about 4 cm and illuminate the tank center.
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The two different measurements were conducted within similar measurement volumes: Single-
phase velocity data were obtained using 3D-LPT with the Shake-The-Box method Schanz et al.
(2016). The 3D interface topology was determined using the multiplicative algebraic reconstruc-
tion technique (MART) algorithm Elsinga et al. (2006). For single-phase velocity statistics, we
acquired 1000 loops of 50 consecutive frames using the recording-loop mode in DaVis to ensure
the convergence of the turbulent quantities (from 5000 to 10000 trajectories were identified per
frame). Flow rate and temperature data were simultaneously recorded. We repeated the VSC after
every 200 loops to preserve a precise calibration. The raw particle images were then pre-processed
in DaVis with a sliding minimum subtraction and a spatial normalization with the local average.
We obtained the particle trajectories with the STB method, setting the allowed triangulation to 1.0
voxel and adding a second pass (backward in time) to complement the tracks Schröder & Schanz
(2023). The data were exported from DaVis and post-processed in an in-house binning MATLAB
code for the single-point statistics or used in the Lagrangian form for the two-point statistics.

To obtain time-resolved and averaged statistics on the droplets dynamics, we needed to simulta-
neously reconstruct the droplet topology and identify the surrounding flow structures with the
3D-LPT. These experiments were conducted with six high-speed cameras and the backlight illu-
mination system. The acquired images were pre-processed to segment droplets and surrounding
particles. We then used the MART algorithm in DaVis 10.2.1 to retrieve the interface shape and
STB for the particle trajectories. The MART data were exported to an in-house MATLAB code and
converted to a volumetric binary image. The volume of the droplets was obtained by counting the
number of voxels of each 3D object.

3. Turbulence assessment

The instantaneous velocity field, denoted as Ui, was decomposed into the temporal mean velocity
(Ui) and the fluctuation velocity (ui), represented as Ui = Ui + ui. Here, the subscripts i = (1, 2, 3)

correspond to the directions (x, y, z), and ⟨...⟩ denotes ensemble averaging. Figure 2 illustrates the
variation of Ui and the root mean square of fluctuation velocity, u′

i = ⟨u2
i ⟩

1/2, along the x and y axes.
Although not shown here, similar trends were observed along the z-direction. The experiment was
conducted with Vjet = 8 m/s, N = 12. The velocity profiles indicated a region of homogeneous
turbulence extending over a volume of at least 4 × 4 × 4 cm3. Additionally, the mean velocities
were found to be less than 10% of the corresponding fluctuations.
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Figure 2. Mean velocity and root-mean-squared fluctuation velocity profiles along the (left) x-direction and (right)
y-direction. The jet array configuration was: N = 12, d = 6 mm, Vjet = 8 m/s. Indexes i = 1, 2, 3 stand for x, y, and z.

The velocity profiles indicated the presence of a homogeneous turbulence region spanning a vol-
ume of at least 4 × 4 × 4 cm3. Additionally, the mean velocities were observed to be less than
10% of the respective fluctuations. The strength of the mean flow can be further assessed by cal-
culating the ratio of its kinetic energy to the average turbulent kinetic energy, denoted as m∗ =

(U · U)/(u′2
1 + u′2

2 + u′2
3 ) Variano & Cowen (2008). Variano and Cowen (Variano & Cowen, 2008)

proposed that mean flow effects are insignificant when m∗ < 5%. In conjunction with the homo-
geneity condition, the turbulence should ideally be isotropic. For the setup reported in Fig. 2, the
isotropy ratios were u′

1/u
′
2 = 1.09 and u′

2/u
′
3 = 0.98. These values were similar to the ones from

Bellani and Variano Bellani & Variano (2013).
We derived the energy dissipation rate using the second-order structure functions, namely DLL(r) =

⟨[u∥(x+ r)− u∥(x)]
2⟩ and DNN(r) = ⟨[u⊥(x+ r)− u⊥(x)]

2⟩. To compute DLL and DNN from the La-
grangian particle trajectories, we defined r as the separation between a given pair of particles and
projected their velocities parallel, u∥, and perpendicular, u⊥, to the r-direction (Masuk et al., 2021;
Qi et al., 2022). For each time instant containing n tracked particles, we identified up to n(n− 1)/2

pairs of particles, covering a wide range of r and ensuring convergence of the ensemble-averaged
quantities. Subsequently, we utilized the scaling laws of the inertial range to deduce ϵ from the
second-order structure functions.

ϵ =
(DLL/C2)

3/2

r
=

(3
4
DNN/C2)

3/2

r
(1)

The Kolmogorov constant spans from 2 to 2.2. Here we adopted C2 = 2.13. In Figure 3-left,
we present the second-order structure functions for both low and high-end cases, alongside the
corresponding energy dissipation rates measured under homogeneous isotropic turbulence (HIT)
conditions. Both cases were obtained using the same experimental setup as depicted in Figure 2,
with variations in velocity (Vjet = 2 and 8 m/s). While the dissipative range couldn’t be resolved,
the resolution allowed for solving around 10η and capturing the inertial range plateau (η ≪ r ≪
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L). In the case of the higher ϵ, the integral-to-Kolmogorov length scale ratio was approximately
1500.

Figure 3. Second-order structure functions (left) and respective energy dissipation rates (right) based on the scaling
laws . The jet array configuration was: N = 12, d = 6 mm, M = 3.1 cm, S = 72 cm. Low and high values were

obtained with Vjet = 2 m/s and Vjet = 8 m/s. The plateau in the ϵ profile indicated the inertial range.

The ϵ profiles illustrated in Figure 3-right were distinctly separated by nearly two order of mag-
nitude, underscoring that the average turbulence intensity can be adjusted based on the specific
analysis, such as droplet breakup or deformation. Moreover, in an array configuration with N = 4

and Vjet = 14 m/s, we achieved ϵ > 1 m2s−3, albeit with elevated anisotropy and inhomogeneity.
In this scenario, even with an acquisition frequency of 4 kHz, the average particle displacement
remained relatively high (∼ 20; px), potentially compromising the accuracy of the Shake-The-Box
method Schanz et al. (2016).

4. Droplet deformation

The deformation and fragmentation of three different nearly neutrally buoyant oil droplets with
dynamic viscosity ratios (dispersed over the carrier phase) of 0.65, 20, and 1000, are presented. Fig-
ure 4 depicts the viscous effects during the breakup process at the same flow regime (Rejet=50·103)
and for the same initial bubble size (dd=4mm). In particular, significant stretching of fluid particles.
The amount of stretching increases with rising droplet viscosity, as documented in the litterature
[Eastwood et al. (2004); Ni (2023)]. An example of the droplet reconstruction for µd/µc=1000 during
the breakup is shown in figure 5(a). While in figure 5(b), is presented the two-phases reconstruc-
tion obtained coupling the droplet reconstructed with MART algorithm and the trajectories of the
tracers obtained with shake-the-box.
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Figure 4. Droplet deformation few instants before the breakup occurred for the different oils with dynamic viscosity
ratios (dispersed over the carrier phase) µd/µc=0.65 (a), µd/µc=20 (b), and µd/µc=1000 (c) for Rejet=50·103.

Figure 5. a) Three-dimensional reconstruction of a oil droplet with µd/µc=1000 using MART algorithm. (b)
Reconstructed droplet with surrounding tracer particle trajectories color coded by their velocity magnitude.

5. Conclusion

We have demonstrated that the facing jet array configuration generates homogeneous turbulence
with minimal anisotropy in the central region of the facility, covering a volume suitable for track-
ing and characterizing the interfaces of discrete phases. Specifically, the apparatus can operate
at Reynolds numbers up to 800, with anisotropy levels around 10%. The turbulence fluctuations
generated are high enough to break the oil droplets. inally, we provided an example of droplet
topology reconstruction combined with particle tracking under HIT conditions, confirming the
capability of this new facility for multiphase flow measurements.
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