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Abstract

Experimental techniques capable of yielding simultaneous measurements of

both the carrier and dispersed phase is developed. First, the effects of disper-

sant concentrations on the droplet size distribution within a crude oil plume

in crossflow are investigated using high-speed visualization and submerged

inline holography. Increasing the dispersant concentration dramatically de-

creases the droplet sizes and reduces the rise rates of droplets and the upper

boundary of the plume. In the near field, refractive-index matching liquid

pairs, simultaneous planar laser-induced fluorescence, and particle image

velocimetry are performed to elucidate the fragmentation and characterize

the turbulence of a vertical buoyant oil jet. Close to the nozzle, as oil liga-

ments begin to extend outward, vortices form around their tips in the water.

Further downstream, as the oil breaks up into droplets, some are compound,

containing multiple water droplets, some with multilayers. Such droplets

regularly form at moderate and high Re and persist for at least up to 30 nozzle

diameters. In contrast, they rarely appear at low Re. The origin of some of

the encapsulated water droplets can be traced back to the entrained water

ligaments during the initial roll up of KH vortices. Analysis using random

forest-based procedures shows that the fraction of compound droplets does
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not vary significantly with Re, but increases rapidly with droplet diameter.

Consequently, the size distributions of compound droplets have peaks that

increase in magnitude and shift to a lower diameter with increasing Re. On

average, the interior pockets raise the oil–water interfacial area by 15%, in-

creasing with the diameter and axial location. Also, while the oil droplets

are deformed by the jet’s shear field, the interior interfaces remain nearly

spherical. The spreading and decay rates of the jet centerline oil fraction

are lower than those of the axial momentum. Comparison to a single-phase

jet at the same Re shows that the transition from azimuthal shear layers to

self-similar profiles of velocity and Reynolds stresses occur earlier in the oil jet.

Phase-conditioned statistics in the oil jet reveal significant spatially varying

discrepancies between the turbulence level in the oil and water phases. The

peripheral turbulence in the water is higher near the jet exit, but lower after

six diameters. The latter trend is attributed to the intermittency and lower

peripheral shear-dominated turbulence production in the entrained water.

In contrast, near the center, the production rate, hence the turbulent kinetic

energy, is higher in the water. Here, while the axial contraction increases

the turbulence in both phases, the radial extension in the spreading oil, as

opposed to the radial contraction in the entrained water, causes a discrepancy

in the production rates.

Primary Reader and Advisor: Dr. Joseph Katz

Secondary Reader: Dr. Rui Ni, Dr. Gretar Tryggvason
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Chapter 1

Introduction

Immiscible multiphase buoyant jets and plumes, which consist of a momen-

tum and buoyancy-driven dispersed phase (bubbles, droplets, or particles)

discharged into a quiescent or co-flowing continuous phase, are important in

a variety of engineering, biological and environmental processes. Some exam-

ples include spray atomization (Machicoane et al., 2019), virus transmission

(Mittal, Ni, and Seo, 2020), volcanic eruption (Woods, 2010), and subsurface oil

spill (Gros et al., 2017; Johansen, Brandvik, and Farooq, 2013; Zhao et al., 2016;

Zheng, Yapa, and Chen, 2003). These multiphase jets and plumes have some

different features than the miscible or single-phase jets and plumes (Charonko

and Prestridge, 2017; Darisse, Lemay, and Benaïssa, 2015; Dowling and Dimo-

takis, 1990; Ezzamel, Salizzoni, and Hunt, 2015; Hussein, Capp, and George,

1994; Panchapakesan and Lumley, 1993a; Wang and Law, 2002). For miscible

single-phase flow, the discharged fluid is irreversibly mixed at scales on which

molecular diffusivity dominates (the Batchelor scale). Instead, multiphase jets
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and plumes fragment near the discharge exit and contain distinct interfaces

between two phases at scales that vary with the droplet size distributions.

While there is little to no scalar mixing and density changes within each phase,

the soluble components and momentum can still diffuse across the interfaces

due to stresses, along with buoyancy- and interfacial tension-related instabili-

ties (Mychkovsky and Ceccio, 2012; Stebe and Barthes-Biesel, 1995; Wegener

et al., 2007).

The difficulties to simulate turbulent multiphase flows owing to the wide

range of scales involved, and the challenges in measuring them are summa-

rized in (Balachandar and Eaton, 2010). The breakup of immiscible liquid

jets and plumes and resulting droplet size distributions have been studied

extensively (Lin and Reitz, 1998; Villermaux, 2007), mostly focusing on the

atomization of liquid jets in gas (Aliseda et al., 2008; Desjardins et al., 2013;

Gorokhovski and Herrmann, 2008; Lasheras and Hopfinger, 2000; Lin and

Reitz, 1998; Jarrahbashi et al., 2016; Marmottant and Villermaux, 2004; Shinjo

and Umemura, 2010; Lowe, Kourmatzis, and Masri, 2017). Fragmentation of a

buoyant immiscible liquid jet injected into another liquid, which is relevant

e.g. to a subsurface oil well blowout, has received considerable attention after

the Deepwater Horizon spill in the Gulf of Mexico. Experimental studies have

shown that the droplet diameters vary from microns to millimeters, depending

on the flow conditions and fluid properties, which are typically expressed in

terms of the jet Weber (We) and Reynolds (Re) numbers (Johansen, Brandvik,

and Farooq, 2013; Brandvik et al., 2018) as well as the density ratio, ρo/ρw,

and viscosity ratio, µo/µw. Here, We = ρou2
meand/σ, Re = ρoumeand/µo, ρ is
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the density, umean is the jet mean velocity, d is the nozzle diameter, σ is the

interfacial tension, µ is the viscosity, and the subscripts w and o refer to the

continuous water and dispersed oil phase, respectively. In parallel, numerous

numerical simulations have attempted to model the dispersion of the droplet

plume under the influence of buoyancy, surrounding flow, turbulence, and

stratification using prescribed droplet size distributions (Crounse, Wanna-

maker, and Adams, 2007; Socolofsky, Adams, and Sherwood, 2011; Yang et al.,

2016).

The regimes of jet fragmentation, namely axisymmetric Rayleigh breakup,

sinuous wave breakup and atomization, have been established for liquid jets

in air (Lasheras and Hopfinger, 2000) and extended to oil-water systems based

on the Reynolds and Ohnesorge numbers (Oh = We1/2/Re), by Masutani and

Adams, 2001. For low Re and Oh, Eggers, 1997 extends the classical Rayleigh-

Plateau instability to non-linear slender jets. More recently, Homma et al., 2006

have used direct numerical simulations to capture and classify several breakup

modes on a Weber number-viscosity ratio diagram. The processes involved at

high Re are less clear, leading to introduction of e.g. statistical theories that

describe the droplets size distribution based on sequential cascades of breakup

and aggregation (Martínez-Bazán, Montanes, and Lasheras, 1999; Zhao et al.,

2014b), or maximum entropy and random breakups (Cohen, 1990). These

approaches do not account for the influence of flow structure and ligament

dynamics, which are essential for explaining the differences between predicted

and measured droplet size spectrum (Villermaux, 2007). Recently, Aiyer et al.,

2019 extended the breakup kernel using a structure function model.
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Factors affecting multiphase plume behavior may be divided into initial

discharge characteristics and water column characteristics. The former include

exit geometry, gas-to-oil ratio, and the droplet and bubble-size distributions

resulting from the oil properties, discharge flow rate, and possible dispersant

application. Water column characteristics include depth, ambient stratification,

crossflow current, and turbulence. A change in any of these factors may

alter the plume behavior and oil dispersion. For example, the addition of

dispersants to the Deepwater Horizon blowout created much smaller and

more slowly rising oil droplets which took longer to reach the surface. These

tiny droplets can then be retained in plumes or intrusion layers, be swept

much further downstream, and may biodegrade more before surfacing (North

et al., 2011; Socolofsky et al., 2015; Aman et al., 2015).

For multiphase jet in crossflow, Zhang and Zhu, 2014 examine bubbly

water jets in crossflow (without oil) as well as measure the plume trajectories

and the bubble characteristics, which they also use for developing an empirical

expression for the separation height. They show that the bubble size decreases

with increasing water injection rate, and that the bubbles enhance the mixing

rate with external water. Upon separation, their bubbles rise at terminal

speed while being advected by the freestream flow. The separated plume

has an elliptical cross section for a bubbly plume (injection of air only), and

a kidney shape for a bubbly jet with equal injection rates of air and water.

The latter is attributed to the counterrotating vortex pair (CVP) characterizing

single-phase jets in crossflow (Smith and Mungal, 1998). In a dynamically

similar system, Decrop et al., 2015 report on experiments and simulations of
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inverted sediment plumes in crossflow containing 5 mm diameter, low Stokes

number particles. The Stokes number is the ratio between the particle and

turbulence time scales. They note the large-scale turbulent structures, which,

in addition to the CVP, include wake vortices behind the plume, similar to

those seen by Fric and Roshko, 1994 and Kelso, Lim, and Perry, 1996. The

spatial distribution of sediment concentration and its vertical turbulent flux

are linked to both large-scale features, with the wake structures transporting

the sediment from the plume toward the water surface.

The coupling between the dispersed droplet and the surrounding flow

turbulence are also associated by the droplets’ geometrical and dynamic

properties. Flows containing very small volume fractions (γ ≪ 1) of small

particles satisfying D < η, where D is the particle size and η is the Kolmogorov

scale, have a continuous phase turbulence that is nearly the same as that of the

single-phase counterparts (Squires and Eaton, 1990). However, at high volume

fraction, or D > η, as typically occurs in the near field an immiscible liquid jet,

the presence of a dispersed phase could either cause turbulence attenuation

or enhancement (Feng and Bolotnov, 2017; Ferrand et al., 2003; Lee and Chu,

2012). The transfer of momentum and energy between phases in suspension

laden flows can be affected by the shape, deformation of the dispersed phase,

and the relative motions between the two phases (Bellani et al., 2012; Bunner

and Tryggvason, 2003; Rensen and Roig, 2001). It is essential to understand

and predict how the turbulence is generated and modulated by the addition

of length and time scales associated with the immiscible interfaces. Such

data would be beneficial for extending the classical theories for the mean
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velocity, Reynolds stresses and self-similarity assumptions in jets and plumes

(Morton, Taylor, and Turner, 1956; Turner, 1986) to more generalized non-

Boussinesq multiphase models (Carlotti and Hunt, 2005; Dissanayake, Gros,

and Socolofsky, 2018; Rooney and Linden, 1996; Reeuwijk and Craske, 2015).

Recent progress has led to a better understanding of the fragmentation,

entrainment, and the evolution of droplet size distributions in liquid-liquid

immiscible jets and plumes (Aiyer et al., 2019; Brandvik et al., 2019; Landeau,

Deguen, and Olson, 2014; Saito, Abe, and Koyama, 2017). A comprehensive

summary is provided in Boufadel et al., 2020. Conversely, there are very

limited experimental data on the flow structure and turbulence in the near

field of immiscible buoyant liquid jets in another liquid, such as oil jets in

water, where phase-interactions, fragmentation, and droplet formation play

dominant roles. Experimental observations on processes occurring in the near

field of liquid-liquid jet breakup in the atomization regime is a challenge owing

to optical obstruction. Consequently, the most available data are restricted to

the periphery or far field of the jet where the droplet are rather sparse.

This thesis is structured in three parts: Chapter 2 presents an in situ hologra-

phy measurement on the time evolution of droplet size distributions in a crude

oil plume in crossflow with different dispersant concentrations. The effect of

far-field droplet size spectrum on the plume trajectory will be briefly discussed.

In the near field, Chapter 3 will elucidates several processes occurring during

the near field fragmentation of a buoyant immiscible vertical oil jet injected

into quiescent water. Unobstructed visual access is achieved by matching the

refractive indices of the two fluids: silicone oil and sugar water. High speed
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planar laser induced fluorescence (PLIF) will demonstrates several phenom-

ena, most notably, the ubiquitous generation of compound oil droplets, which

contain smaller water droplets. The mechanisms involved are demonstrated,

followed by an analysis showing e.g. the fraction of compound droplets, their

impact on the oil-water interfacial area, and the striking differences between

the odd exterior shapes of the oil droplets and the nearly spherical interior

water droplets. Chapter 4 will focus on the near field flow structures, the

ensemble-averagedd phase and velocity distributions, the Reynolds stresses,

turbulent intermittency, and the turbulence production rate of each phase in

the fragmentation region of the vertical buoyant jet. Simultaneous Particle

Image Velocimetry (PIV) and Planar Laser-Induced Fluorescence (PLIF) are

used for probing this flow. Details of the experimental setup and image regis-

tration procedures will be presented. The streamwise evolution of the mean

velocity profiles, root mean square (RMS) values of velocity fluctuations, and

Reynolds shear stress will be discussed. The differences between the evolution

of the oil volume fraction and mean momentum distribution will also be pre-

sented. Trends are compared with those of a single-phase jet at a very similar

Reynolds number. Among the findings, the phase-conditioned turbulence

statistics reveal a sizable difference between the mean velocity, turbulence

level and the Reynolds shear stress, in the two phases along the periphery

of the jet. It is demonstrated that the difference in peripheral turbulence can

be linked to the intermittency of the water flow. Furthermore, partitioning

of the terms contributing to the turbulence production indicate that shear

production is the dominant term along the periphery of the jet, and that there

is a significantly higher total production rate in the water near the center line

8



of the jet. Finally, the summary and conclusions are presented in Chapter 5.
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Chapter 2

Holography measurements of on

the droplet size distribution in a

crude oil jets in crossflow

To study the effect of dispersant concentration on the plume and quantify the

evolution of droplet size distributions in a crude oil jet transitioning into a

plume in a crossflow, sychronized high speed visualization and submerged in

situ digital inline holography imaging technique is deployed within the oil

plume in crossflow. Section 2.1 provides the details of the experimental setup

and the data processing techniques. The large-scale plume behavior will be

presented in section 2.2, followed by the statistics and the evolution of droplet

size distributions within the plume in section 2.3. A breif summary of the

findings are provided in section 2.4.
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2.1 Experimental techniques

Digital inline holography have been applied to measure the droplet-size

distributions within the oil plume. The oil plume in cross flow have been

conducted in a 2.5 × 0.9 × 0.9 m (length × width × height) transparent acrylic

towing tank (figures 2.1a and 2.1b). A carriage, driven by a stepper motor

at speeds up to 200 mm/s, is mounted on rails located above the tank. This

carriage supports a flow system for injection of crude oil, consisting of a

regulated, nitrogen-pressurized oil reservoir, a solenoid valve, a variable area

flowmeter (Omega, FL-6102A), and a streamlined injection arm leading to

an upward pointing nozzle. The arm penetrates the water surface near the

sidewall, ahead of the nozzle, descends to the bottom of the tank, and then

extends to the center plane. A slotted rail with a low friction linear bearing

supports the injection arm under the nozzle to facilitate smooth travel. Near

the exit, a tube located inside the arm is connected to a 3-D printed injection

nozzle that has a polished, cosine-shaped, converging interior surface, leading

to a d = 54 mm diameter orifice. This orifice is located 14 cm above the tank

floor. The tank is filled with artificial seawater (Instant Ocean) with a salinity

of 33 ppt and density ρ = 1018.3 kg/m3. Experiments have been conducted

with crude oil alone, which is defined as the control case, and with crude

oil-dispersant mixtures at dispersant to oil ratios (DOR) of 1:100 and 1:25.

They are referred to as 1:100 DOR and and 1:25 DOR oils, respectively. The

properties, namely density ρ, kinematic viscosity ν, and oil-water interfacial

tension σ, of the present crude oils can be found in table 2.1. The methods

used to measure them can be found in Murphy et al., 2015. The uncertainties
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(a) (b)

(c) (d) (e)

Figure 2.1: (a) A schematic drawing of the towing tank showing the carriage trans-
lating at speed Uc, a sample image of the plume, and the location of the submerged
Mini-Holocam. (b) An end view of the towing tank illustrating the position of the
counter-rotating vortex, (c) Optical components of the Mini-Holocam showing key
dimensions, (d) Illustrations of the two Mini-Holocam positions within the tank, and
(e) sample processed hologram of droplets within the plume (oil-dispersant mixture
at 1:25 DOR).
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ρ (kg/m3) ν (m2/s) σ (N/m) Re We Oh d50 (µm)
Crude Oil 864 1.02 × 10−5 1.9 × 10−2 1000 1100 0.034 734
1:100 DOR 855 1.15 × 10−5 1.2 × 10−3 900 18000 0.15 275
1:25 DOR 867 1.22 × 10−5 2.8 × 10−4 800 77000 0.34 234
Miscible 893 1.28 × 10−5 NA 800 NA NA NA

Table 2.1: Physical properties of the fluids used in the present experiments along with
the values of Re, We, and Oh characterizing the jets, and the time-averaged volume
median diameter d50.

in property measurements reflect the standard deviation of measurements

using different samples of Macondo surrogate crude oil obtained from BP. It

is a so-called "dead oil", i.e., many of the most volatile dissolved gases have

been removed. These fluids are injected at a flow rate of Q = 1.9 L/min,

corresponding to a jet exit speed uj = 2.5 m/s, and the carriage is towed

at a speed of Uc = 150 mm/s, resulting in a jet speed to crossflow ratio of

uj/Uc = 17. The resulting values of the Reynolds number (Re = ρud/m),

Weber number (We = ρu2d/σ), and Ohnesorge number (Oh = We1/2/Re)

are also given in Table 1. Though the values of Re fall in the laminar regime

for pipe flow, the values of Re and Oh for the oil jets fall in the atomization

regime, Oh > 18/Re, for immiscible jets, in which the jet disintegrates into

fine droplets shortly after injection Masutani and Adams, 2001. The current

Re and Oh also fall near those of experiments performed by Brandvik et al.,

2013; Brandvik et al., 2014 and Johansen, Brandvik, and Farooq, 2013, which

also clearly show that the jet becomes atomized shortly after injection.

A high-speed camera (pco.dimax) equipped with a 28 mm lens (Nikon

Nikkor) operating at 250 fps is used to visualize the large-scale plume behavior.

The field of view and resolution in the nozzle plane are 0.62 × 0.62 m2 and 305

13



mm/pixel, respectively. Backlighting, diffused by lining the tank wall with

translucent bond paper, is provided by up to six 500 W halogen lamps. This

test is also used for measuring the size of the largest droplets (>3 mm), since

they rapidly rise above the predominantly opaque plume.

Digital inline holography is also applied to measure the droplet size dis-

tributions within the oil plume. These measurements are synchronized with

high-speed imaging in order to relate the measured droplet sizes to the location

and evolution of the large-scale plume. Background on digital holography and

holographic microscopy can be found in Malkiel et al., 2003; Sheng, Malkiel,

and Katz, 2006; Gopalan, Malkiel, and Katz, 2008; Katz and Sheng, 2010. The

present digital holograms are recorded by the "Mini-Holocam" (figure 2.1c),

a custom-built, submersible inline holography system, which is suspended

in the tank in order to record data at high magnification within the opaque

plume. It contains a 1 mW, 635 nm diode laser beam, which passes through

an ND filter and a spatial filter with a 5 mm aperture, is focused by an 8

mm focal length doublet lens, and is then collimated to a 22 mm diameter

beam. Using a Schneider imaging lens ( f = 2.8/35 mm), the holograms are

recorded at a magnification of 0.66 by a 2 Hz, miniature, 2592 × 1944 pixel

CMOS camera that has a pixel size of 2.2 µm, resulting in a resolution of 4.03

mm/pixel. The laser and illuminating optics are mounted inside a sealed

70 mm diameter and 292 mm long aluminium tube with a glass window on

one end. The imaging lens and CMOS camera are installed in an identical

tube, and both are mounted on an optical rail, allowing adjustment of the

sample volume depth between them. Choice of this depth is a compromise
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between our desire to maximize the sample volume size and the opacity of

the oil cloud, i.e., the dense microdroplet concentration, especially when dis-

persants are involved. For the present measurements, the gap between the

two halves of the Mini-Holocam system is 6.06 mm for the crude oil, 3.00 mm

for the 1:100 DOR, and 3.25 mm for the 1:25 DOR oil. Hence, they are only

suitable for characterizing sub mm droplets. The sample volume dimensions

are 4.9 × 4.9 × 16 mm3, 4.9 × 4.9 × 13 mm3, and 4.9 × 4.9 × 13 mm3 for the

crude, 1:100 DOR and 1:25 DOR cases. The droplet-size distributions are

normalized to account for differences in sample volume. The magnification of

holographic measurements is calibrated in air prior to submerging it. Since

the hologram plane imaged by the magnifying lens is located just inside the

glass window, the magnification of this system remains valid when the Mini-

Holocam is submerged. The Mini-Holocom is rigidly suspended from the

tank lid in one of two positions. In the first (figure 2.1d), the optical and y

axes are aligned, with the sample volume aligned with the tank centerline,

46.8 cm above the nozzle exit. In this position, the plume bulk is sampled as

it rises through the sample volume. Results provide both the time-resolved

droplet-size distributions, and, by temporally averaging the data, the bulk

droplet-size distributions. In the second position (figure 2.1d), the elevation re-

mains the same, but the system is rotated so the optical and x axes are aligned,

and the sample volume center is offset from the tank-center plane by 15 cm.

This latter position, for which only crude oil experiments will be presented,

is selected to record the droplets trapped within the CVP, whose location is

determined based on measurements described below. The high-speed camera

operating concurrently is located outside of the tank, and records images
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at 100 Hz, while being synchronized with the Mini-Holocam. The purpose

of these observations is to correlate the droplet statistics with their location

within the plume. The likely effect of the Mini-Holocam instrument on the

flow structure and turbulence within the plume prevents us from using these

visualizations alone to determine the plume shape, which is characterized

during the independent first phase. However, submersible holography is

essential for measuring the size distribution of submillimeter droplets within

the opaque oil plume. We assume that most of the submillimeter droplets are

formed when the oil is located well below the sample volume. Using available

in-house codes, the holograms are processed to obtain in-focus images of the

droplets in a series of parallel planes across the sample volume (figure 2.1e).

The procedure includes subtraction of a time-averaged hologram to reduce

background noise and numerical reconstruction at axial intervals of 0.2 mm

(Sheng, Malkiel, and Katz, 2006; Talapatra et al., 2013). Compressing the 3-D

field onto a 2-D plane is used for identifying low-intensity "subregions of

interest" containing droplets. If needed, local instead of global thresholds are

used for the segmentation to refine these regions. The 3-D positions and radii

of all possible droplets are found using the Hough transform, based on a se-

ries of criteria involving edge gradients, outside-to-inside intensity ratio, and

uniformity within the droplet. To detect small droplets (12 pixels), the analysis

is performed after high-pass filtering the reconstructed field to minimize the

effect of larger droplets. Gradient-based edge detection is used to determine

the droplet depth. For the smallest droplets (<6 pixels diameter), the plane of

focus is identified by edge detection, and the droplet size is estimated based

on its in-focus image size. In presenting results, we include only droplets with

16



size of 4 pixels (16.2 µm) or higher.

2.2 The overall plume behavior

Figures 2.2(a–d) shows composite, instantaneous images of the crude oil, oil-

dispersant, and oil analog plumes, with the two parts divided by a dashed

line. The right part is taken from the same time series as the left part, but

shows the right-most 358.2 mm portion of the image recorded 2.4 s later. The

horizontal shift in displaying them corresponds to the distance traveled by the

nozzle during this time. Joining these two images allows visualization of the

plume over a larger spatial domain than would otherwise be possible. In all

cases, the jet is injected vertically and is bent over by the crossflow, with the oil

and oil-dispersant jets breaking up into droplets. The decrease in droplet sizes

with increasing dispersant concentration is evident from the complete views

and is highlighted in the insets. Millimeter scale droplets are present in crude

and 1:100 DOR oil plumes (figures 2.2a and 2.2b), but not for the 1:25 DOR case

(figure 2.2c). The increasing opacity with dispersant concentration is a global

indicator of the presence of increasing concentration of fine droplets (e.g.,

figure 2.2c). Ignoring the wake structures under the plume momentarily, the

bottom boundaries of the crude, 1:100 DOR, and analog plumes do not differ

substantially, but are higher than that of the 1:25 DOR case (statistics follow).

However, the upper boundaries differ substantially, with the plume height

increasing with decreasing DOR (increasing droplet size). Large-scale billows

are evident in all cases, but for the crude oil, the upper boundary is "diffused"
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CVP

Figure 2.2: Sample composite images of jet/plumes injected at uj = 2.5 m/s and
towed at Uc = 0.15 m/s, of (a) crude oil, (b) 1:100 DOR oil, (c) 1:25 DOR oil, and (d) a
dyed miscible fluid with matched density and viscosity. Dashed lines separate the
image segments, with the horizontal shift matching the nozzle displacement. The
insets above the plume show magnified sections corresponding to areas bounded by
white squares.The white arrows indicate the location of the CVP core.
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as large (3–5 mm) droplets escape from the plume, as is evident from their

vertical trajectory, which is unaffected by plume turbulence. Consequently,

the upper plume boundary appears to be inclined at a higher angle. A few

escaping droplets appear at the upper boundary for the 1:100 DOR plume

as well (inset in figure 2.2b). Many of these ∼ 2 mm droplets in figure 2.2(b)

are nonspherical, and have long threads trailing vertically behind, clearly

illustrating the vertical droplet trajectory, which again, is affected very little by

the plume turbulence. As discussed in Gopalan and Katz, 2010, these threads

are associated with low interfacial tension and contribute to a substantial

increase in the number of micron-scale droplets. The number and size (sub

mm) of droplets that appear above the 1:25 DOR plume are much smaller, and

the movies show that their motion is still dominated by the plume turbulence.

These droplets do not have observable threads for two possible reasons, one

being their complex trajectories and the other being the image resolution

limits.

The high-speed videos also show that some of the droplets near the bottom

boundary of the plume reside in largely horizontal vortices, which as visual-

ization from the end view show, is the CVP. Although present for all cases,

the CVP is particularly evident in the crude oil plume, where it appears as a

region with increased concentration of small droplets, which is separated from

the bulk of plume. Its location is marked by the white arrows in figure 2.2(a).

As discussed later, the droplets appear to be trapped by this vortex structure

and are transported in the positive x direction at a velocity that is higher than

that of the bulk. Figure 2.2 also shows nearly vertical bands of fine droplets
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trapped beneath all the oil plumes. They are easier to detect in the 1:100 DOR

and 1:25 DOR cases, with more droplets present under the 1:25 DOR case.

The movies reveal that these droplets are entrained from the plume edges by

nearly vertical vortices extending downward from the bottom of the plume.

These structures have been seen and analyzed in a series of jet in crossflow

studies, e.g., Fric and Roshko, 1994 and Kelso, Lim, and Perry, 1996, and have

been attributed to wake structures developing because of jet-induced blockage

to the crossflow. As confirmed later, the amount of oil trapped beneath the

plume seems to increase with decreasing interfacial tension and the resulting

increase in concentration of fine droplets.

2.3 Evolution and dispersant effects of the droplet

size distributions

Figures 2.3(a)–2.3(e) compares sample droplet-size distributions for the crude,

1:100 DOR, and 1:25 DOR plumes in the first Mini-Holocam position. These

data are recorded as the plume bulk, in particular the space between CVP

vortices, rises through the tank centerline. Each distribution represents an

average over three realizations recorded during 1 s, and the samples are

separated by 3.5 s. All the distributions appear to be multi-modal, with a

primary distribution peak for small droplets, and another smaller peak for

droplets of approximately 200 µm. Transiently bimodal distributions have

been found in simulations applying the VDROP model for oil well blowouts

(Zhao et al., 2014a) and breaking waves (Zhao et al., 2014b). Multimodal
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 2.3: Droplet size distributions for the crude oil, 1:100 DOR, and 1:25 DOR
plumes averaged over 1 s at centerline location at (a) t = 3.4 s (crude oil only), (b) 6.9 s,
(c) 10.4 s, (d) 13.9 s, and (e) 17.4 s; (f) variations in d50 with time; (g) Combined droplet-
size distributions at all time points. The insets represent the crude oil droplet-size
distributions.
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distributions have also been seen experimentally under breaking waves (Li et

al., 2008). Temporal trends associated with the crude oil plume are considered

first. Droplets appear in the sample volume at t = 2.9 s, so the results for

t = 3.4 s (figure 2.3a) represent the earliest droplets reaching the holographic

field of view. Conversely, droplets of the oil-dispersant plumes have not

yet reached the sample volume, consistent with the plume shapes in figures

2.2. The crude oil droplets range in size from 16 mm to 1.5 mm, with the

probability peak at approximately 50 mm. This set does not show larger

droplets, the size of which, based on the high-speed movies, reaches about 5

mm. Both the scarcity of these large droplets, and the narrow gap between

the Mini-Holocam tubes (6 mm), which may prevent the large droplets from

penetrating, might affect this discrepancy. Crude oil distributions obtained

at latter times are shown as insets in figures 2.3(b–e) due to the much lower

droplet concentrations compared to those of the oil-dispersant cases. The

number of droplets peaks at t = 6.9 s (figure 2.3b) as the center of the plume

passes through the measurement volume, but the maximum droplet diameter

(750 µm) is smaller than that obtained at earlier times, presumably due to

diameter-based differences in rise velocity. At t = 10.4 s (figure 2.3c), the

droplet number is already lower than its peak value, and the maximum

droplet size decreases to 450 mm, as much of the plume already has passed

through the sample volume. These trends of decreasing droplet count and

maximum size continue for the last two measurements (t = 13.9 s in figure

2.3d and t = 17.4 s in figure 2.3e), and based on end view visualization, these

droplets may originate from the wake vortices under the plumes.
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The total number of droplets increases, but the fraction of large droplets

and the size of the most abundant droplets decrease substantially with in-

creasing dispersant concentration. For example, at t = 6.9 s (figure 2.3b), the

distribution peaks are 50, 20, and 20 µm for the crude, 1:100 DOR, and 1:25

DOR cases, respectively. The size distributions at subsequent times (figures

2.3c–e) retain similar shapes, but the droplet concentrations decrease. How-

ever, the decrease rate is slower for the oil-dispersant cases, suggesting that

the spatial distribution of droplets in them is more homogeneous. A consistent

picture is provided in figure 2.3(f), which shows temporal variations in the

volume median diameter d50 (Reid and Hobbs, 1998). For the crude oil, d50

begins at ∼ 900 µm at t = 3 s and sharply declines over the next 5 s to approx-

imately 350 µm. Subsequently, the decline is milder, decreasing to ∼ 150 µm

at t = 20 s. For the 1:100 DOR plume, d50 begins at 450 mm, declines sharply

for 1 s, and declines slowly with values that are not significantly different

from those of the crude oil case. For the 1:25 DOR plume, d50 declines slowly

over time, after beginning at 250 µm, and after t = 10 s, does not differ from

that of the 1:100 DOR case. The sharp decrease in d50 for the crude oil plume,

and to a lesser extent for the 1:100 DOR case, reflects the effect of "droplet

fractionation", as large droplets escape rapidly, leaving the smaller droplets,

which are more susceptible to remaining trapped within the turbulent ed-

dies. The fact that, after the initial period the values of d50 no longer depend

significantly on the DOR, indicates that the characteristic sizes are more a

function of, for example, turbulence level or CVP strength than the Weber

number. However, one should keep in mind that the number of entrained

droplets is vastly different. Figure 2.3(g) shows a combined histogram at all
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times, i.e., the entire spectrum of droplets involved (though the abscissa is cut

off at 900 µm). The droplet numbers are presented on a log scale to facilitate

a comparison among the three cases. The crossover diameter, above which

the number of crude oil droplets is larger than that of the DOR cases is about

400 µm. Although there is no such crossover between the DOR cases, the

difference between them is striking below ∼ 300 mm, though not as evident

for larger droplets. As shown in table 2.1, the values of d50 calculated from the

bulk distributions for the crude, 1:100 DOR, and 1:25 DOR cases are 734, 275,

and 234 µm, respectively. The corresponding values of d50 predicted by the

modified We model of Brandvik et al., 2013; Brandvik et al., 2014 and Johansen,

Brandvik, and Farooq, 2013, using their coefficients (A = 24.6, B = 0.08), are

1508, 368, and 233 mm. Hence, the measured and predicted values agree

for the 1:25 DOR case, but not for the others. This discrepancy might be

affected by the previously discussed effect of the narrow gap between the

Mini-Holocam windows. Finally, figure 2.4 shows variations with time of

the droplet-size distributions for position two (figure 2.1d), i.e., within the

crude oil CVP. Again, each distribution is an average of three measurements

performed within 1 s. The first time that droplets appear in this sampling

region is after about 6.9 s. By this time, there are very few large droplets within

the CVP, indicating that most have escaped before; in other words, the CVP

flow field is not powerful enough to retain droplets larger than about 200 µm.
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Figure 2.4: Droplet-size distributions for the crude oil plume averaged over 1 s in
CVP core location (second position in figure 2.1d) at t = 10.4, 13.9, and 17.4 s.
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2.4 Summary

This chapter investigate the behavior of an oil jet transitioning into a plume

in a crossflow at high velocity ratios. High-speed imaging and in situ digital

inline holography are applied to observe the global structure of the flow

and measure the size distribution of crude oil droplets. The experiments are

performed using crude oil as well as oil premixed with dispersants at DOR of

1:100 and 1:25. A dyed miscible liquid with the same density and viscosity as

the crude is also examined as a reference.

As expected, the dispersants dramatically reduce the droplet sizes, consis-

tent with many previous studies involving other types of shear flows (Li et al.,

2008; Johansen, Brandvik, and Farooq, 2013), and accordingly, increase the

number of droplets. The size of droplets retained by the plume decreases in

time. For the crude and 1:100 DOR cases, the initial decreases are sharp, but

different, and then change to a mild rate that converges with that of the 1:25

DOR case. Detailed statistics for several plumes are provided. The dispersant

concentration and corresponding droplet sizes cause substantial changes to

the overall structure of the plume. In particular (i) the upper boundary of the

plume rises at a sharper angle with decreasing dispersant concentration; and

(ii) the number of droplets entrained by large vortical structures (CVP) under

the plume increases with dispersant concentration.

Given the importance of the droplet size distribution on the subsequent

oil dispersion, it is of practical interest to understand how the droplets form

in the near field. Therefore, the next chapter will elucidate the fragmentation

and droplet formation process of a vertical buoyant jet with surrogate liquid
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pairs, while matching the non-dimensional parameters to those of the crude

oil jet injected into seawater.
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Chapter 3

Fragmentation and the formation

of compound droplets

This chapter will discuss the droplet formation with a focus on the forma-

tion and quantitative analysis of compound droplets, which contains one

or multiple layered water droplets. The high speed Planar Laser Induced

Fluorescence (PLIF) experimental setup and the Machine Learning processing

techniques will be discussed in section 3.1. Several phenomena related to

compound droplets generation will be demonstrated in section 3.2, followed

by an analysis showing the fraction of the compound droplets, their impact

on the oil-water interfacial area, and the striking differences between the odd

exterior shapes of the oil droplets and the nearly spherical interior water

droplets. The implication of such characteristics of the compound droplet will

be discussed and summarized in section 3.3.
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3.1 Experimental techniques

3.1.1 Laser-induced fluorescence

Aimed at studying phenomena associated with mixing of light crude oil with

seawater, but using refractive index-matched fluids, we have selected silicone

oil (polydimethylsiloxane, trimethylsiloxy terminated) as the dispersed phase

and sugar water (64% by weight) as the continuous phase. Their density,

viscosity, interfacial tension and those for oil-water systems are presented in

table 3.1.The viscosity is determined by a capillary viscometer, the interfacial

tension by a pendant drop method, and the refractive indices (1.4022) by a

refractometer. The crude oil is originated from the Marlin platform located 60

km northeast of the Deepwater Horizon platform and provided by BP. Both the

crude oil and seawater properties have been measured in the lab by Murphy

et al., 2016. As illustrated in figure 3.1, the experiments have been conducted

in a 39 × 24.1 × 76.2 cm3 acrylic tank partially filled with sugar water. The

silicone oil is injected from a regulated, nitrogen-pressurized reservoir, and

then passes through a flowmeter (Omega, FL-6110A), a settling chamber

containing honeycomb and screens, as well as a nozzle with 6.35:1 diameter

ratio. The exit diameter of the initially laminar jet is 10 mm. Three sets of

experiments have been conducted at uo = 1.5, 3.4 and 5.3 m/s, corresponding

to Reynolds numbers of 594, 1358 and 2122, and Weber numbers of 785, 4100

and 10000, respectively. The Ohnesorge number is Oh = 0.047 for all cases.

Based on Masutani and Adams, 2001, all three cases fall in the so-called

atomization regime, where droplets of a wide size range are generated close
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Figure 3.1: Experimental setup for observing the index-matched buoyant oil jet
superimposed on a sample PLIF image.
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ρ (kg/m3) µ (kg/m · s) σ (N/m)

Silicone oil (SI) 960 (2.40 ± 0.2)× 10−2 (27 ± 0.5)× 10−3

Sugar water (SW) 1155 (5.65 ± 0.2)× 10−3

Light crude oil (CR) 864 (8.81 ± 0.04)× 10−3 (19 ± 0.1)× 10−3

Seawater (SE) 1018 (1.07 ± 0.02)× 10−3

Ratio of SI to SW 0.83 4.25
Ratio of CR to SE 0.85 8.24

Table 3.1: Physical properties of surrogate fluid pair associated the present experi-
ments

to the jet exit. The viscosity ratio and interfacial tension of the present fluids

differ by less than 2:1 from those of the crude oil-seawater pair. They have

been selected because they allow us to cover a 4:1 range in Reynolds numbers

while maintaining speeds that are low enough that the near field of the jet is

not contaminated by oil droplets entrained by the circulating external flow.

The center plane of the jet is illuminated with a 1mm thick sheet of pulsed

527 nm Nd:YLF laser, which is synchronized with a high-speed camera

(PCO.dimax). The silicone oil is visualized using Nile Red, which is insoluble

in water, and has an emission wavelength of 635-650 nm. Because Nile Red

is also insoluble in silicone oil, it is mixed with 1.25% by volume mineral oil,

which serves as a soluble carrier, and the properties in table 1 correspond to

the oil mixture. A long-pass filter with a cutoff wavelength of 550 nm is placed

in front of the camera to remove the green light from the recorded images.

The 2016×2016 pixel2 images have been recorded at two magnifications: large

fields of view (FOV) of 208.5×208.5 mm2 have been recorded at 500 frames

per second (fps) for Re=594 and 1358, and at 1000fps for Re = 2122. High

magnification images with a view of 12.9×12.9 mm2 (6.4µm/px) have been
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recorded at 1000 fps in regions centered at z/d=10.6, 20.6 and 30.6.

3.1.2 Random forest based droplet morphology analysis

To measure the statistics of droplet size distributions and shapes, specialized

data processing procedures have been developed. The compound droplets

are identified and measured by machine learning based image processing

techniques. The scheme consists of image enhancement, classification of oil

and water, identification of compound droplet, as well as measurements of

their size and perimeter. As illustrated in figure 3.2(a), the original PLIF

images have stripes due to refraction of light from the top and bottom of

droplets owing to a slight mismatch (<0.0005) in refractive indices. There-

fore, a combined wavelet-Fourier filtering (Münch et al., 2009) has been ap-

plied to alleviate these stripes, resulting in the sample shown in figure 3.2(b).

Briefly, Daubechies wavelets (DB25) are used as basis functions for 2D multi-

resolution (5 levels) wavelet decomposition. Then, a 2D Fourier transform

is applied on the horizontal detail coefficients to identify the spectral range

containing the signature of the stripes. A Gaussian band-pass filter with a

damping factor of 5 is then applied in the Fourier space to suppress the stripes.

When the resulting images are reconstructed, dynamic masks maintain the

filtered image within the bright oil signature but preserve the original back-

ground in dark area. Owing to the complexity of the PLIF images, global

single-value or adaptive local threshold segmentation techniques are inade-

quate for correctly separating the oil from the water. Consequently, a machine

learning-based pixel-wise classification has been implemented, following
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(a)

(b)

(c)

Figure 3.2: A sample demonstrating the removal of stripe from images, and machine
learning-based segmentation: (a) Original image; (b) the same image after stripe
removal; and (c) thresholded images with green indicating compound droplets.
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Arganda-Carreras et al., 2017. The training features include the original inten-

sity, its mean and variance, the Gaussian-blurred and Sobel-filtered intensity,

as well as the trace, first, and second eigenvalues of the Hessian matrix at each

pixel. Except for the original intensity, all the training features are performed

for five kernel sizes: κ = 1, 2, 4, 8 and 16. The choice of training features takes

noise reduction, edge detection and texture description features of varying

neighboring scales for each pixel into consideration. The random forest, which

consists of 200 decision trees and two features per node, is trained based on

labeled training sets. The resulting probability maps of classified pixels are

then segmented by the Otsu’s method. Distance watershed transformation

is subsequently performed to separate overlapping droplets, blob analysis

is used to determine the droplet statistics. Ligaments and droplets cut by

the border of images are not accounted for in any of the number density or

fraction statistics. Sample results are shown in figure 3.2(c), with color gray

indicating compound droplets. The sample volume depth and associated

threshold limits and uncertainty are estimated by traversing a 500 µm pen-

dant droplet through the laser sheet and using the same trained classifier to

gauge the detection boundaries (1 ± 0.1 mm). Following Wu et al., 2013, the

misclassification error rate in pixel is estimated as 8.7%. The relative combined

uncertainty in number density, 10% and in diameter, 4.5%, is indicated for a

couple of data points in figure 3.9(a) and 3.10.
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Figure 3.3: Sample images of the oil jet fragmentation at Re = 594, We = 785. Bottom
inserts are enlarged 30× 20 mm2 sections of the areas marked by yellow boxes; middle
and top inserts are enlarged 12.9 × 12.9 mm2 sections of the marked areas recorded at
a different time and at a higher magnification.
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Figure 3.4: Sample images of the oil jet fragmentation at Re = 1358, We = 4100.
Bottom inserts are enlarged 30 × 20 mm2 sections of the areas marked by yellow
boxes; middle and top inserts are enlarged 12.9 × 12.9 mm2 sections of the marked
areas recorded at a different time and at a higher magnification.
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Figure 3.5: Sample images of the oil jet fragmentation at Re = 2122, We = 10000.
Bottom inserts are enlarged 30 × 20 mm2 sections of the areas marked by yellow
boxes; middle and top inserts are enlarged 12.9 × 12.9 mm2 sections of the marked
areas recorded at a different time and at a higher magnification.
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Figure 3.6: Samples of compound oil ligaments and droplets at Re = 1358 and
z/d = 20.6.
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3.2 Results

Setting the framework for the present observations, sample large FOV images

illustrating the jet fragmentation process are presented in figures 3.3, 3.4, and

3.5, with the nozzle exit visible at the bottom. The (originally square) images

have been cropped to 208.5 × 100 mm2 but are presented undistorted with

scales expressed in nozzle diameters provided along the left and bottom edges

of the figure. Corresponding movie (movie 1) is provided as supplementary

material in Xue and Katz, 2019. Inserts showing magnified images of the

regions are also presented. Focusing initially on the two higher Reynolds

number cases (figures 3.4 and 3.5, the streamwise evolution of the jet consists

of three regions, namely Kevin-Helmholtz (K-H) roll-up at low z/d, ligament

dominated region at mid range, and dispersed droplet region at high z/d. The

initial roll-up and the end of the nearly axisymmetric K-H region occur closer

to the nozzle with increasing Re. During roll-up, the jet entrains thin layers of

water. In parallel, stretching of the upstream tail of one ring by flow induced

by the one following it generates thin oil ligaments, which break up into a

limited number of oil droplets. These droplets are subsequently entrained

back into the jet. Further downstream, i.e. around z/d > 4.5 and 3 for Re =

1358 and 2122, respectively, the axisymmetry is lost, similar to miscible jets

(Liepmann and Gharib, 1992). Here, the jet structure transitions into elongated

ligaments of varying shapes that wrap around each other, some breaking

into droplets. At about 7 < z/d < 13 and 6 < z/d < 12 for Re = 1358 and

2122, respectively, the width of these ligaments decreases, and they break up

into droplets (quantitative data follows). While a few ligaments persist up
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to z/d = 20 at Re = 1358, they mostly disappear at Re = 2122. As for the

Re = 594 jet (figure 3.3), thick ligaments still form and then break up into large

blobs, but later than the other cases. However, the jet is not axisymmetric even

at the exit from the nozzle and tends to meander downstream. There are two

possible contributors to this phenomenon. First, it appears that some water

penetrates into the periphery of the nozzle. For this case, the densimetric

Froude number, defined as Fr = uo/
√︁

gd(ρw − ρo)/(ρw + ρo), is 15.6, and

Ret = Re/Fr is 38. Based on studies of displacement flows in vertical pipes

by Amiri, Larachi, and Taghavi, 2016 and Hasnain, Segura, and Alba, 2017,

under these conditions an interface between the exterior and interior fluids

exist inside the pipe, consistent with the present observations. In contrast, for

the present higher Reynolds numbers, the oil is expected to displace the water.

Second, meandering of jets has been observed at Re < 1000, even without

buoyancy effects (Crow and Champagne, 1971).

Focusing on Re = 1358 and 2122, many of the oil ligaments in the mid-

dle inserts, and the droplets in the upper inserts contain water pockets. In

contrast, they rarely appear at Re = 594. Higher magnification samples of

such compound droplets/ligaments containing one or more water droplets

are presented in figure 3.6 (and movie 2). In some cases, the internal water

droplets contain smaller oil droplets and so on, creating a "Russian Doll" like

phenomenon. Note that while the external interfaces have odd shapes, the

internal ones are largely spherical, as will be quantified later. A typical process

leading to the formation of compound ligaments is demonstrated in figure

3.7 and corresponding movie 3. Starting from the K-H roll-up, the red solid
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z/d Re ΣN ΣNc ΣNc/ΣN
D32 (µm)

(all droplets)
d50 (µm)

(all droplets)
20.6 594 815 8 1% 3.4 × 103 3.8 × 103

1358 7853 1333 17% 2.0 × 103 2.3 × 103

2122 25527 2563 10% 1.1 × 103 1.1 × 103

30.6 594 675 1 0.2% 3.0 × 103 3.6 × 103

1358 4309 867 20% 1.8 × 103 2.1 × 103

2122 15031 1727 11% 0.9 × 103 0.9 × 103

Table 3.2: Numbers and statistics of detected droplets

arrow tracks the same water film, which appears as a thin ligament in the

planar view. At z/d < 3.5, the film is elongated by the local shear, and at

4 < z/d < 9.5, it separates from the bulk water, breaking up into multiple

water droplets at z/d ∼ 10. The entrainment point, as well as the time history

of stretching and breakup vary, as the orange dashed arrows indicate, but the

process repeats itself. Samples of subsequent stretching and fragmentation of

an oil ligament containing water pockets by a large eddy is presented figure

3.8 (and movie 4). As is evident, the compound droplets and ligaments are

ubiquitous by z/d > 11.

Statistical information derived from the procedures described in the exper-

imental techniques 3.1 is provided in figures 3.9-3.13 and table 3.2. Figures

3.9(a) is the number density of all the oil droplets, dN/d(Da), at 20 < z/d <

21.3, plotted vs. their apparent diameter, Da, which is calculated based on

their total cross section area, A, including the pockets. Each plot is based

on analyzing 209 instantaneous realizations, with error bar representing the

uncertainty in the number density and diameter. The total number of droplets,

ΣN, is listed in table 3.2. For all cases, the slopes of dN/d(Da) is mild: -0.5
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and -1 for Re = 594, 1358 respectively and nearly flat for Re=2122. However,

for large droplets, the slope steepens to about -4.5. The increasing steepness in

slope of the droplet size distribution represents an increasing contribution of

number density by the small droplets. The peak in volumetric contribution at

the point where the slope changes from more to less than -3, which is indicated

by bold points in figure 3.9(a), decreases with increasing Re. Figure 3.9(b)

shows the cumulative distribution of volume fraction, Vcum/V, plotted vs.

droplet size normalized by the Sauter mean diameter, D32, defined as

D32 = (
∫︂ ∞

0
D3

a N′(Da)dDa)/(
∫︂ ∞

0
D2

a N′(Da)dDa) (3.1)

where N′ = dN/d(Da) (Brennen, 2005). The values of D32 is provided in

table 3.2. In agreement with Simmons, 1977, the curves nearly collapse for

Vcum/V <∼ 0.8, but fluctuate at higher values, presumably owing to the small

number of large droplets in the present dataset. Figure 3.9(c) compares the val-

ues of D32/d plotted vs. We to the data points and empirical fit by of Wu, Mi-

randa, and Faeth, 1995 measured for liquid jets in air, D32/d = 32We−3/5. As

is evident, the present results for Re = 1358 and 2122 agree with the line fit, but

is lower than extrapolation of the line fit for Re = 594. Figure 3.9(d) compares

the present volume median diameter, d50 (table 3.2), defined as the diameter

where the cumulative volume fraction reaches 50%, to a semi-empirical model

introduced by Johansen, Brandvik, and Farooq, 2013. The semi-empirical

fit is d50/d = A(We∗)−3/5, where We∗ = We−3/5/[1 + BCa(d50/d)1/3] is a

modified Weber Number, Ca = µdud/σ is the capillary number, and A and

B are empirical constants. In a later report by the same group (Brandvik

42



et al., 2014), they report A=24.6 and B=0.08. The data points and line fit are

reproduced from that later report. All the present cases, including those of

Re = 594 agree with this model. Before concluding, figure 3.9(b) also shows a

least-squared lognormal fit to the cumulative volume distributions based on

all three datasets. The results show a reasonable agreement for a mean and

standard deviation of ln(Da/D32) being 0.13 and 0.57, respectively. A similar

agreement could be obtained for Da/d50, but with mean and standard devia-

tion of ln(Da/d50) being 0.0 and 0.57, respectively. Fitting a Rosin-Rammler

distribution instead (not shown), gives a spread coefficient of 2.2 vs. 2.0 in

Brandvik et al., 2014.

The ratio of the number of compound droplets, Nc, to the total number,

N, for each size bin is presented in figure 3.10(a), including only points with

more than 60 droplets. Very few compound droplets exist at Re = 594. In

contrast, there is a small difference between the results for the other two cases,

i.e. the fraction of compound droplets depends mostly on the diameter. For

Da/d > 0.07, the slope of these curves is about two, possibly suggesting

that the fraction increase with the droplet surface area. This rapid increase

implies that while only 30% and 38% of the 1mm droplets are compound

for Re = 1358 and 2122, respectively, this fraction increases to 71% and 84%

for 2mm droplets. The size distributions of compound droplets, which is

presented in figure 3.10(b), have peaks that shift to a lower diameter with

increasing Re. Existence of this peak and shift are results of the combined

effects of the distributions of both Nc/N and dN/d(Da). The peaks are caused

by the opposite trends of Nc/N and dN/d(Da) with diameter. The shift is
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caused by the decrease in the concentration of large droplets, which are more

likely to be compound, with increasing Re. Before proceeding, note that

trends of ∑ Nc/ ∑ N depicted in table 3.2 might appear contradictory to those

displayed in figure 3.10(a). Specifically, the table shows that the total number

of compound droplets, ∑ Nc, increases with Re, but their fraction (∑ Nc/ ∑ N)

decreases from 17% at Re = 1358, to 10% at Re = 2122. Figure 3.10(a) shows

that the size-dependent fraction corresponding to large droplets increases

slightly with Re, and that of small droplets decreases with increasing Re. Since

the total number of small droplets is orders of magnitude higher than the

large ones, the small droplets dominate the statistics in table 3.2 even when

the corresponding values of Nc/N are low.

The inner water droplets increase the oil-water interfacial area. Figure

3.11 shows the joint probability distribution (PDF) of Da/d and the fractional

increase in interfacial area, ∆S/S, for Re = 1358 and 2122 at z/d = 20.6

and 30.6. The interfacial area is calculated from the perimeter, P, of droplets

assuming spherical symmetry. The dashed line shows the limit below which

the internal droplet perimeter cannot be measured with reasonable certainty.

Several trends are evident. First, the distributions, including the upper limit,

broaden with increasing diameter. Second, the areas covered by the joint PDF

decrease, and the peak probabilities increase with increasing Re. This trend is

consistent with the decrease in concentration of large droplets with increasing

Re (figure 3.10b). Third, the most probable values and upper bounds of the

PDFs tend to shift upward with increasing z/d. As a plausible explanation

for this trend, note that between z/d = 20.6 and 30.6, both D32 and d50 of all
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the droplets (table 3.2) decrease, representing the effect of reduction in the

fraction of large droplets, presumably by the shear-induced breakup. During

this process, the interior droplets are less likely to breakup, as suggested by

their nearly spherical shape, i.e. they maintain their size. Consequently, ∆S/S

should be expected to increase. For example, the mean values of ∆S/S at

z/d = 20.6, 15% and 8% for Re = 1358 and 2122, respectively, increases to

23% and 15% at z/d=30.6. Note that, the values of ∆S/S are plotted in a log

scale, whereas the PDF magnitude is presented on a linear scale. The large

tail with values of ∆S/S well above 0.1 results in a mean value significantly

higher than the most probable one. While it is difficult to infer the trend with

Re from the PDF owing to the broad distributions at Re = 1358, the data

shows that the mean ∆S/S decreases with increasing Re. This trend implies

that the decrease in size of inner droplets outweighs the decrease in outer size

with increasing Re. It might be associated with differences in the size of water

ligament during the early K-H roll-up phase, as suggested by figures 3.3, 3.4,

and 3.5. A similar analysis has been performed for the volume fraction of

water in the oil droplets (figure 3.12). Quantitatively, the trends are similar to

those of ∆S/S, but values differ. At z/d = 20.6, the mean volume fraction is

3% and 2% at Re = 1358 and 2122, respectively. On average, the compound

droplets have small effects (∼ 3%), on their buoyancy.

While the oil droplets have odd exterior shapes owing to the influence of

turbulence, the interior droplets appear more circular. To compare the degree

of deformation, we define a surrogate asphericity, Φ = (P/π)/
√

4A/π, i.e.

the ratio between the droplet diameter calculated from the perimeter and that

45



calculated from the area. The magnitude of Φ ranges from one for a sphere

to higher values as the shape complexity increases. The trends for the outer

shapes at Re = 1358 are presented in figure 3.13(a), and those for the inner

droplets, in figure 3.13(b). They are plotted vs. the corresponding capillary

numbers, Cao = µwuoDa/dσ for the outside surface, and Cai = µouoDi/dσ,

where Di is the diameter for the inner droplet. Sample corresponding images

are shown in figure 3.13(c-e). For the outer droplets, the Φ scatters between

1 and 3.5, with the upper bound increasing with Cao. Hence, the average

asphericity for each capillary number, Φ(Cao), also increases with droplet

size. In contrast, figure 3.13(b) shows that the inner droplets deviate only

slightly from a spherical shape, irrespective of the Cai or the shape of the outer

droplets, indicating that the inner droplets are only weakly influenced by the

external shear. As discussed below, these observations are consistent with

analyses of isolated compound droplet subjected to shear.

3.3 Discussions and Summary

Refractive index matching and PLIF are used to study the fragmentation

process of buoyant oil jets in water. Although it rarely happens at Re = 594

(We = 785), compound droplets form regularly at Re = 1358 and Re = 2122

and persist at least up to z/d = 30.6. The origin of some of the water pockets

can be traced back to engulfment of water ligaments during roll-up of the

K-H vortices near the exit from the jet. In contrast, long thin water ligaments

rarely form at Re = 594 before the oil breaks up, suggesting that for the
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present Oh = 0.047, the near field shear is not strong enough to generate

such ligaments. In other words, when the characteristic time scale of the

jet, d/ud, is compared to that derived from viscosity and interfacial tension,

µdd/σ, their ratio, i.e. Ca, might have to exceed a minimum value for the

formation of elongated ligaments. In the present study, compound droplets

are not generated for Ca = 1.3 and are abundant for Ca ⩾ 3.0.

For the present range, the fraction of compound droplets does not vary

significantly with Re, but increases rapidly with droplet diameter, exceeding

78% for droplets larger than 2mm. Since small droplets are less likely to be

compound, and the concentration of large droplets diminishes as the Re in-

creases, the size distributions of compound droplets have peaks that increase

in magnitude but shift to a lower diameter with increasing Re. Although the

internal water pockets reduce the buoyancy by only a few percent, they in-

crease the oil-water interfacial area by about 15%. While the increased surface

area could presumably enhance the dissolution rate of soluble components

of oil into the water, e.g. during crude oil spills, one cannot simply assume a

linear relationship between the enlarged interfacial area and mass diffusion.

Two potential effects should be considered: First, owing to the quiescent inter-

nal interfaces, the mass diffusion from the oil to the water is not likely to be

affected by turbulence, in contrast to the external flow. Therefore, the inter-

nal mass diffusion is likely to be slower than that occurring along the outer

surfaces. Second, because the soluble oil compounds in the internal water

cannot be diluted by mixing with the surrounding water, their concentration

is expected to increase over time, further reducing the dissolution rate.
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As expected, the oil droplets are deformed in the near field of the jet,

becoming increasing more aspherical with increasing diameter (Ca). In con-

trast, the interior droplets remain nearly spherical irrespective of their sizes,

suggesting that they are exposed to a more quiescent environment. There

is considerable literature about the behavior of isolated compound droplets

subjected to external shear. Reduced deformation of the internal droplet

with increasing µo/µw has been shown for Ca of the same range by Stone

and Leal, 1990, Mandal, Ghosh, and Chakraborty, 2016 and Kim and Dabiri,

2017. In contrast, substantial deformations are reported for higher Ca and

low interfacial tension of the interior droplet by Smith, Ottino, and Cruz,

2004. Presumably, the small size of the interior droplet and dampening of

the external shear by the higher oil viscosity create an environment with low

local capillary numbers. It would be of interest to determine whether such

a quiescent micro-environment in the middle of high shear zones affects the

subsequent interactions of crude oil with the biochemical environment in the

ocean during the long bio-degradation process of the oil.
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Figure 3.7: A time sequence showing processes leading to compound droplet for-
mation at Re = 1358. Arrows of the same color and shape follow the same water
ligament in frames separated by 6 ms.
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Figure 3.8: Evolution of ligaments resulting in compound droplet formation at Re =
1358. The arrows follow the same ligament in frames separated by 6 ms.
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Figure 3.9: Time averaged (a) number density distribution of all oil droplets, bold
points represent the peak volumetric contribution, (b) the cumulative distribution
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Figure 3.10: Time averaged (a) fraction of compound droplets and (b) the number
density distribution of compound droplets at z/d = 20.6.
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(a) (b)

(c) (d)

Figure 3.11: Joint probability distributions of droplet diameter and the fractional
increase in interfacial area for compound droplets. (a, b) z/d = 20.6, (c, d) z/d = 30.6,
left column (a, c) Re = 1358, and right column (b, d) Re = 2122. Dashed white line
indicates the resolution limit.
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(a) (b)

(c) (d)

Figure 3.12: Joint probability distributions of droplet diameter and the volume frac-
tion of water inside the compound droplets. (a, b) z/d = 20.6, (c, d) z/d = 30.6,
left column (a, c) Re = 1358, and right column (b, d) Re = 2122. Dashed white line
indicates the resolution limit.
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Figure 3.13: Index of asphericity of: (a) outer surface of oil droplets, and (b) inner
water droplets, both for compound droplets. The line shows the average asphericity
for each diameter. Insert: sample droplets with (c) Φ = 3.5, (d) Φ = 1.5, (e) Φ = 1.
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Chapter 4

Phase-conditioned turbulent

statistics of an immiscible buoyant

jet in the near field

This chapter focuses on the near-field flow structures, Reynolds stresses,

ensemble-averaged phase distributions, and turbulence production rate of

each phase in the fragmentation region of a vertical buoyant jet. The simultane-

ous Particle Image Velocimetry (PIV) and Planar Laser-Induced Fluorescence

(PLIF) techniques will be discussed in section 4.1. Next, section 4.2 and 4.3

describes the streamwise evolution of the mean velocity profiles, root mean

square (RMS) values of velocity fluctuations, and Reynolds shear stress. The

differences between the evolution of the oil volume fraction and mean mo-

mentum distribution are also presented. Trends are compared with those of a

single-phase jet at a very similar Reynolds number. Among the findings, the

56



phase-conditioned turbulence statistics reveal a sizable difference between

the mean velocity, turbulence level and the Reynolds shear stress, in the two

phases along the periphery of the jet. It is demonstrated that the difference

in peripheral turbulence can be linked to the intermittency of the water flow.

Furthermore, partitioning of the terms contributing to the turbulence produc-

tion indicate that shear production is the dominant term along the periphery

of the jet, and that there is a significantly higher total production rate in the

water near the center line of the jet. Finally, a summary is presented in section

4.6.

4.1 Experimental techniques

Aiming to understand flow structure and turbulence associated to the frag-

mentation of oil jets in seawater, the present study utilizes two immiscible

refractive index matched fluids that have the relevant interfacial tension, vis-

cosity, and density ratios. The selected liquid pair consists of silicone oil

(polydimethylsiloxane, trimethylsiloxy terminated) as the injected liquid, and

sugar water (64% by weight) as the surrounding phase. The density and

the viscosity of the dispersed silicone oil and the ambient sugar water are

provided in table 3.1. Their interfacial tension, σ, is (27 ± 0.5)10−3 N/m.

These properties and their ratio compared with that of the crude oil and sea

water system are provided in section 3.1. To observe the oil, it is mixed with

fluorescent dye (Nile Red).

As shown in figure 4.1, the experiments have been performed in a 39 ×
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Figure 4.1: The dual camera setup for simultaneous PLIF and PIV measurements, the
tank is not to scale.
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24.1 × 76.2 cm3 acrylic tank filled with sugar water. The silicone oil is injected

from a regulated nitrogen-pressurized reservoir through a flowmeter (Omega,

FL-6110A), a settling chamber containing honeycomb and screens, and a noz-

zle with 6.35:1 diameter ratio. The exit nozzle diameter, d, of the initially

laminar jet is 10mm. In a separate set of experiments aimed at establishing a

baseline, sugar water is injected using the same setup, except for the flowmeter

(Omega, FL-6320ABR). The two experiments are performed at nearly the same

Reynolds number. Based on the PIV measurements (described below), the cen-

terline velocities of the oil and sugar-water jet are U0 = 4.2 m/s and 0.8 m/s,

respectively. The corresponding mean exit velocities, are Umean = 3.08 m/s

and 0.57 m/s. These values are calculated by integrating the mean velocity

profiles close to the exit from the nozzle. The relevant non-dimensional num-

bers are defined as: (i) the jet Reynolds number, Re = ρoUmeand/µo, (ii) the

Ohnesorge number, Oh = µo/
√︁

ρoσd, and (iii) the combined density and vis-

cosity ratio, Γ = µoρ1/2
w /µwρ1/2

o . The jet Reynolds number are Re = 1230 and

1170 for the oil and single-phase water jet, respectively. The Ohnesorge num-

ber and the combined density and viscosity ratio for the oil jet are Oh=0.047,

and Γ = 5.61. Based on these Re and Oh, the oil jet fall into the liquid-liquid

atomization regime (Masutani and Adams, 2001).

The oil jet structure presented is measured using simultaneous PIV and

PLIF in three downstream regions: z/d = 0.1 − 2.1, 5.7 − 7.8, and 11.8 − 13.8,

where z is the axial location, with z = 0 located at the center of the nozzle.

The center plane of the jet is illuminated by a sheet of pulsed 532 nm Nd:YAG

laser with a thickness of about 1 mm. The synchronized PIV and PLIF images
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(a)

(b)

Figure 4.2: Sample of (a) raw PLIF image from camera #1, and (b) raw PIV image
from camera #2. Both images are located at z/d=5.7-7.8.
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are recorded with two identical cameras (PCO.dimax) located on the opposite

sides of the light sheet. The fluid is seeded with 2 µm sliver-coated glass

particles that have a specific gravity of 3.1. While the PIV particles reflect the

laser light at the illumination wavelength, the silicone oil fluoresces at a peak

wavelength of 650 nm. To separate the signals, a 534 nm fluorescence bandpass

filter with 25 nm bandwidth is placed in front of the PIV camera lens to reject

the fluorescent signal, and a long-pass filter with a cutoff wavelength of 550

nm is placed in front of the PLIF camera to remove the reflected 532 nm laser

light. A sample pair of raw PLIF and PIV images are shown in figures 4.2(a)

and 4.2(b), respectively. Both the PIV and PLIF images (2016x2016 pixel2) are

recorded at 15 image pairs per second with 50 µs interframe time. The PLIF

images, which have a resolution of 11.4 µm/pixel, are positioned to cover the

entire PIV field of view whose resolution is 10.7 µm/pixel. Each run lasts

only a few seconds before some of the oil circulates back to the vicinity of the

nozzle exit, allowing the acquisition of approximately 100 image pairs during

the steady-state phase of this run. A total of 2500 realizations are recorded at

each location and for each jet to obtain the flow and turbulence statistics of

the jet.

For the PIV measurements, the images are enhanced, as described in Roth

and Katz, 2001, and the velocity is calculated by multi-pass cross-correlations

using the LaVision DaVis software. The final interrogation window size is

24× 24 pixels, which with 50% overlap, provides a vector spacing of 128.5 µm.

Based on the characteristic displacement and pixel uncertainty using cross-

correlation, the uncertainty in the instantaneous axial velocity is 0.5% − 2%.
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Calculations of the correlation coefficient between successive instantaneous

velocity vectors have confirmed that the samples are statistically independent.

For the segmentation of the oil and water phase from the PLIF data, a random

forest-based pixel-wise classification is applied, the details of which are pro-

vided in the pervious chapter 3. Spatial matching between the PIV and PLIF

images is performed by placing a transparent dotted grid at the jet centerline

and recording its image by both cameras. An affine geometric transformation

and bicubic interpolation are used for precise images registration of corre-

sponding images. For the experiments aimed to obtain baseline single-phase

data of a sugar water jet injected into sugar water, the PIV image pairs have

been recorded at 1Hz with 300 µs inter-pair delay using a 6600 × 4400 pixel2

camera. In this case, the total number of realizations is 1000, and the resolution

of the PIV images is 14.8 µm/pixel, which corresponds to a vector spacing of

177.6 µm.

4.2 Flow structures and mean flow characteristics

To characterize the near field evolution of the buoyant oil jet structures, we

first examine the flow and oil-water interfaces at three different streamwise

locations. Samples of contour maps of instantaneous velocity magnitude are

presented separately for the oil and water phases in figures 4.3, 4.4, and 4.5.

Note that for convenience, different signs of r are used to denote the opposite

sides of the jet. The left column focuses on the oil, and the right column, on the

water. At z/d = 0.1 − 2.1 (figure 4.3a and 4.3b), the interface becomes wavy
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u/U0

u/U0

(a)

(b)

Figure 4.3: Samples of instantaneous velocity magnitude, u, normalized by the jet
mean centerline exit velocity, U0 = 4.2 m/s, at z/d = 0.1 − 2.1. (a) oil phase, and (b)
water phase.
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u/U0

u/U0

(a)

(b)

Figure 4.4: Samples of instantaneous velocity magnitude, u, normalized by the jet
mean centerline exit velocity, U0 = 4.2 m/s, at z/d = 5.7 − 7.8. (a) oil phase, and (b)
water phase.
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u/U0

u/U0

(a)

(b)

Figure 4.5: Samples of instantaneous velocity magnitude, u, normalized by the jet
mean centerline exit velocity, U0 = 4.2 m/s, at z/d = 11.8 − 13.8. (a) oil phase, and
(b) water phase.
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due to the Kevin-Helmholtz (K-H) instability, with most of the momentum

concentrated in the oil. Most of the ambient flow has a very low velocity,

except for the regions where the water ligaments begin to penetrate into

the oil, and oil ligaments start to extend outward. There, the water velocity

increases rapidly, reaching about 60% of the U0. A closer look at another

sample is presented in Figure 4.6 and 4.7, focuses on the early K-H rollup

along with the oil-water interface. Even before entrainment, the vorticity is

already extended to both phases, and once the ligaments form, the water

momentum increases rapidly. The vortices forming in the water appear to

be centered around the tips of the oil ligaments, e.g. at r/d = −0.58 and

z/d = 1.14. Interestingly, in these regions, the vorticity is mostly concentrated

in the water, while the oil ligaments mostly have low vorticity.

Further downstream, at z/d = 5.7 − 7.8 (figure 4.4a and 4.4b), the oil is

partially fragmented and meanders, but still maintains a high momentum core

containing mostly oil. Water with high velocity already appears between the

fragmenting oil blobs. The periphery contains both oil and water ligaments

with low momentum and sizes comparable to the jet diameter. Fragmentation

continues at z/d = 11.8 − 13.8 (figure 4.5a and 4.5b) with some of the oil

blobs already broken into separate droplets, many appearing to be compound

droplets, consistent with the observations reported in chapter 3. A meandering

region with elevated momentum is still evident, but it contains a mixture of

both phases. Outside of it, the velocity of both phases is low with magnitudes

falling in the 0.2 − 0.3U0 range.

To characterize the ensemble-averaged near-field, we first quantify the
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Figure 4.6: A sample of magnified instantaneous flow field of oil jet in water overlaid
with the oil-water interface; Vectors are diluted and rescaled for clarity.

67



4 m/s

r/d

z/
d

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2
0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

2800
2400
2000
1600
1200
800
400
0

ω (1/s)

Figure 4.7: A sample of the same magnified instantaneous flow field of oil jet in water
overlaid with vorticity magnitude. Vectors are diluted and rescaled for clarity.
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axial development of two jet spreading indicators: (i) the velocity half-width,

b1/2, defined as the radial location where the mean velocity decreases to half

of its local centerline values, and (ii) the jet oil fraction half-width, bγ1/2,

where the oil volume fraction decreases to half of its local centerline value.

Figure 4.8(a) shows the streamwise evolution of b1/2 and bγ1/2 for the oil jet

and compares the to b1/2 of the single-phase jet at nearly the same Reynolds

number. Figure 4.8(b) presents the corresponding values of the centerline

velocity, Ucl. For the single-phase baseline case, near the nozzle, the half-

width remains nearly constant up to z/d = 7. Accordingly, the centerline

mean velocity remains very close to that at the nozzle exit, with only a slight

(3%) decay by z/d = 7. At z/d > 8, b1/2 increases almost linearly with z/d.

The spreading rate, S = ∂b1/2/∂z, is equal to 0.11, consistent, e.g. with a

prior study of single-phase jet (S = 0.113) at a moderate but higher Reynolds

number, Re = 2679 (Lai and Socolofsky, 2019). The decay of the centerline

velocity is typically defined as U0/Ucl(z) = C(z − z0)/d, where C is the decay

rate and z0 is the virtual origin (Hussein, Capp, and George, 1994). Fitting to

the current data gives C = 0.24 and z0 = 3.4d, consistent with a prior study at

a similar Reynolds number (Re = 1350) by Todde, Spazzini, and Sandberg,

2009, where C = 0.24, and z0 = 3.0d. In Lai and Socolofsky, 2019, C = 0.17.

For the oil jet, b1/2 and the centerline velocity remains unchanged at z/d =

0.1 to 2.1. By z/d = 5.8, the jet is already expanding, and the streamwise

velocity is decreasing, both earlier than that of the single-phase jet. Yet, once

it starts, the spreading rate of the oil jet, S = 0.10, is quite similar to that of

the single-phase case all the way up to z/d = 14. Accordingly, the centerline
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Figure 4.8: (a) Axial development of the jet half widths with distance calculated from
the velocity, b1/2 for the single phase and oil jet, and the oil volume fraction, bγ1/2.
Dashed lines are added to show trends. Inset shows the axial development of the
bγ1/2 different jet Reynolds number calculated from PLIF data in Chapter 3. (b) Axial
development of the jet centerline velocity, Ucl , normalized by jet mean centerline exit
velocity: U0 =4.2 m/s for oil jet, and 0.8 m/s for single phase jet, and the centerline
oil fraction, γcl .
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velocity of the oil jet start to decrease along the axial direction with the same

decay rate C = 0.24 of the single-phase jet. The growth rate of the oil fraction

half-width is different. Near the nozzle, bγ1/2 increase slightly but remains

close to 0.5d. Then, it increases at a faster rate than the velocity half-width up to

z/d = 5.8. In the z/d = 5.7 to 7.8 range, both half widths increase at rates that

are not significantly different, with bγ1/2 > b1/2. Further downstream, while

b1/2 keeps on growing linearly, the growth rate of bγ1/2 decreases, resulting in

bγ1/2 being smaller than b1/2 at z/d > 11.9. The ratio of the oil half widths,

namely λ = bγ1/2/b1/2, averaged over the measurement domains decreases

from 1.2 at z/d = 5.7 − 7.8 to 0.8 at z/d = 11.8 − 13.8. The present value

of λ at z/d = 5.8 − 7.9 is consistent with those (λ ≈ 1.2) of some miscible

buoyant jets and plumes (Burridge et al., 2017; Ezzamel, Salizzoni, and Hunt,

2015; Panchapakesan and Lumley, 1993b; Papanicolaou and List, 1988), and

higher than λ ≈ 1 reported by (Wang and Law, 2002). Yet, in all these miscible

jet studies, λ remains above 1 further downstream, i.e. significantly larger

than the present value at z/d = 11.9 − 14. Accordingly, between z/d = 5.8

to 14, the presently measured spreading and decay rates of the oil volume

fraction, S = 0.042 and C = 0.07, are smaller than those (S = 0.047 − 0.071,

C = 0.07 − 0.23) reported for the miscible jet (Charonko and Prestridge, 2017;

Djeridane et al., 1996). A likely reason for the different trends involves the

buoyancy effect associated with the persistent presence of droplets. While the

two fluids mix irreversibly in the miscible jet, causing a reduction in the effect

of buoyancy, the cloud of droplets evident at z/d = 11.8 − 13.8 persists, and

continues to be influenced by buoyancy. Hence, the oil droplets continue to

rise at a faster rate than the surrounding liquid and are less prone to diffuse
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radially outward. Since the droplet rise velocity increases with diameter, one

would expect that an immiscible jet with weaker buoyancy effect, e.g. having

smaller droplets, would spread at a faster rate. With increasing Reynolds

number, the size of droplet decreases, as shown for the present jet geometry in

chapter 3, and consistent with prior studies (Johansen, Brandvik, and Farooq,

2013; Saito, Abe, and Koyama, 2017). Consequently, the oil jet should spread

at a faster rate with increasing Reynolds number. Indeed, as shown in the inset

presented in figure 4.8a for the experiments described in chapter 3, which

provide data for phase and size distributions, but do not involve velocity

measurements, bγ1/2 at Re = 2122 is higher than those the lower Reynolds

numbers. The effects of buoyancy and droplet size on the relative velocity

between phases are discussed further in section 4.4.

As demonstrated in figure 4.9a, although the present measurements focus

on the near-field, the normalized radial profile of the mean axial velocity

of the oil jet, Uz(r, z)/Ucl(z), still collapse at z/d ≥ 6, namely appears to

develop a self-similar behavior. The top-hat profiles are only limited to the

very near field, as shown for z/d = 1 and 2. In this range, the mean shear is

concentrated along the jet perimeter. Since the spreading of the single-phase

jet starts later, its profiles at z/d = 6 and 7 have not reached a self-similar state

(figure 4.9b). However, once it does, its normalized profiles at z/d = 12.5

and 13.5 collapse, and furthermore, appear to have a very similar shape as

that of the self-similar oil jet. Hence, the evolution of the mean velocity can

be characterized based on b1/2 and Ucl. The profiles of oil volume fraction

plotted vs. r/b1/2 is presented in figure 4.10a, and the same data normalized
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Figure 4.9: Radial profiles of mean axial velocity normalized by the local centerline
velocity Ucl and velocity half-width b1/2, (a) oil jet in water, and (b) single-phase jet.
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by γcl and plotted vs. r/bγ1/2 is shown in figure 4.10b. The top hat profiles

are confined to the very near field. At z/d > 6, all the void fraction profiles

collapse; hence their trends could be characterized based on bγ1/2 and γcl.

However, note that the shape of the velocity profiles differs from those of

the void fraction. The latter decay at a faster rate along the jet periphery,

namely, the oil phase is more concentrated near the center of the jet than the jet

momentum. Accordingly, the phase profiles are more rounded near the center.

The impact of the differences between b1/2 and bγ1/2 is demonstrated in figure

5a, where λ > 1 at z/d = 6 − 7 implies a broader distribution, and λ < 1 at

z/d = 12.5 − 13.5 indicates that the oil is predominantly concentrated near

the center of the jet.

4.3 Turbulence statistics

To provide insights for the dynamics that arises within the immiscible buoyant

jet, we combine the phase distribution data obtained from the refractive index

matched PLIF data to the measurements of the velocity field. Following

Burridge et al., 2017, the instantaneous velocity field is interrogated using a

Heaviside step function, H(r, z, t), whose value is unity in the oil and zero in

the water. Then the phase-conditioned ensemble-averaged velocity in the oil,

Ui,o(r, z), and in the water, Ui,o(r, z), are defined as

Ui,o(r, z) =
1

∑ H

M

∑
p=1

H(r, z, tp)ui(r, z, tp) (4.1)
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Figure 4.10: Radial profiles of the oil volume fraction. (a) radial location is normalized
by b1/2, (b) Same data with phase fraction normalized by local centerline fraction γ
and radial location normalized by phase half-width bγ1/2.
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and

Ui,w(r, z) =
1

M − ∑ H

M

∑
p=1

[1 − H(r, z, tp)]ui(r, z, tp) (4.2)

where M is the total number of measurements at each location. Similarly, to

examine the fluctuating velocity components, i.e. u′
i = ui − Ui, in each phase,

the RMS values of velocity fluctuations are

⟨u′
i,ou′

j,o⟩ =
1

∑ H

M

∑
p=1

H(r, z, tp)u′
i(r, z, tp)u′

j(r, z, tp) (4.3)

and

⟨u′
i,wu′

j,w⟩ =
1

M − ∑ H

M

∑
p=1

[1 − H(r, z, tp)]u′
i(r, z, tp)u′

j(r, z, tp) (4.4)

where ⟨ ⟩ indicates ensemble averaging. The Reynolds averaged momentum

equation for each phase, neglecting the viscous terms, can be written as (Drew

and Lahey, 1993),

∂(γUi,oUj,o)

∂xi
= − 1

ρo

∂(γp)
∂xj

−
∂(γ⟨u′

i,ou′
j,o⟩)

∂xi
+ Ki,o + gi (4.5)

∂[(1 − γ)Ui,wUj,w]

∂xi
= − 1

ρw

∂[(1 − γ)p]
∂xj

−
∂[(1 − γ)⟨u′

i,wu′
j,w⟩]

∂xi
− Ki,o + gi

(4.6)

where the Ki,o is the so-called interaction term accounting for the effect of the

water phase on the momentum of the oil. Combining the momentum equa-

tions for both phases, the fraction weighted Reynolds stresses then becomes:
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˜︂⟨u′
iu

′
j⟩ = γ⟨u′

i,ou′
j,o⟩+ (1 − γ)⟨u′

i,wu′
j,w⟩ (4.7)

The discussion starts with a comparison between the fraction weighted

Reynolds stresses of the oil jet and those of the single-phase jet. Figure 4.11,

4.12 and 4.13 shows the axial evolution of the profiles of ˜︂⟨u′
zu′

z⟩
1/2

, ˜︂⟨u′
ru′

r⟩
1/2

,

˜︂⟨u′
zu′

r⟩, and the corresponding results for the single-phase jet, respectively. In

general, the scaled near field turbulence in the oil jet is significantly higher

than that in the single-phase jet, but the difference between them decreases

with increasing z/d. Initially, both the axial and radial components of the

turbulence have peaks coinciding with the azimuthal shear layer along the pe-

riphery of the jet. Further downstream, the location of the highest turbulence

level shifts to the center of the jet. This transition occurs between z/d = 6

to 7 for the oil jet and further downstream for the single-phase jet. For the

latter, both the transition and the magnitude of the turbulence components

are consistent with previously published results at similar Reynolds num-

bers (Todde, Spazzini, and Sandberg, 2009). Also, for both jets, the scaled

axial and radial RMS values increase with z/d, but this increase diminishes

at z/d = 12.5 − 13.5, especially for the oil jet. It appears that in this range,

the two profiles already collapse, indicating that the streamwise (and radial)

velocity fluctuations can already be scaled using b1/2 and Ucl. Even at this

location, the centerline axial RMS peak of the oil jet, being around 0.29, is

higher than that of the single-phase jet by about 14%, but the radial peak

( 0.21) of the oil jet is only slightly higher. For both cases and at all locations,

the radial fluctuations are smaller than the axial ones, also consistent with
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Figure 4.11: Radial profiles of the axial RMS velocity for (a) oil jet in water, and (b)
single-phase jet.
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Figure 4.12: Radial profiles of the radial RMS velocity for (a) oil jet in water, and (b)
single-phase jet.
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published results for single phase jets (Hussein, Capp, and George, 1994; Lai

and Socolofsky, 2019). The scaled Reynolds shear stresses (figure 4.13a and b),

as expected, show growing double peaks near the jet periphery, with the cen-

terline value being zero. Similar to the normal components, the shear stresses

in the oil jet are higher than those in the single-phase jet at all elevations, but

the difference between them decreases with increasing z/d. The maximum

value for the single phase jet at z/d = 12.5 − 13.5, 0.021, is in good agreement

with previous results (Hussein, Capp, and George, 1994; Lai and Socolofsky,

2019). At z/d = 1 and 2, the single-phase values are very small, indicating

that the flow there is essentially laminar. In the oil jet, entrainment of the

surrounding water, formation of ligaments, and the previously discussed

vortices (figure 4.6 and 4.7) already result in low magnitude stresses of about

1.6 × 10−3, which are highlighted in the insert.

Another notable difference between the jets is the secondary hump in the

⟨u′
zu′

z⟩
1/2 profile of the single phase jet at z/d = 7, which does not appear

a short distance upstream (z/d = 6). Examination of the instantaneous

realizations indicates that this phenomenon is associated with pairing of the

K-H vortex that occurs preferentially at this elevation. As demonstrated in

figure 4.14 and 4.15, while the vortices start to roll up at a lower elevation,

they do not begin to pair until z/d = 6.8 − 7.4. Here, figure 4.15 shows

multiple distinct clusters of vorticity peaks, with one of them being pushed

radially inward to r/d = −0.55, and the others being pushed outward to

r/d > 0.7. The locations of ⟨u′
zu′

z⟩
1/2 peaks and humps, which are marked

with red symbols, can be used for comparing the scaled profiles to the physical
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Figure 4.13: Radial profiles of the Reynolds shear stress for (a) oil jet in water, and (b)
single-phase jet.
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ones. Further downstream, the secondary hump no longer exists beyond the

potential core of the jet. These phenomena are not observed in the oil jet.

4.4 Phase conditioned Statistics

To investigate the contribution of each phase to the mean velocity profiles, fig-

ure 4.16 compares the axial evolution of the normalized mean velocity profiles

of the two phases. Owing to the differences in magnitude, the streamwise

velocity plots appear to be smooth, but the radial ones jitter, in part due to the

uncertainty limit ( 10% of U0), and in part due to the limited sample size of

water in the middle of the jet, and oil along the periphery. Close to the nozzle,

at z/d = 1 and 2, the streamwise velocity profile of the oil remains a flat top,

and there is a very small overlap with the water along the jet periphery. The

water in this overlap region has nearly the same axial velocity as that of the

oil. However, at z/d = 2, the velocity of the oil is slightly larger than that of

the water (by 7% of Ucl). The corresponding radial velocity profiles (figure

4.16b) indicate that the oil radial velocity is essentially zero in the jet core

with a slight increase near r/b1/2 = ±1. In contrast, the radial water velocity

outside the jet remains negative, presumably owing to entrainment, with a

slight magnitude increase in the overlap region. Hence, in the small overlap

region, the oil is moving radially outward while the water is moving inward.

This trend persists at z/d = 6 and 7, where some water has already penetrated

to the center of the jet (figure 4.4). Here, the oil has a significantly higher axial

velocity than that of the water across the entire jet, but the profiles of each

82



r/d

z/
d

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0

4.5

5

5.5

6

500
400
300
200
100
0
-100
-200
-300

ω (1/s)

1 m/s

Figure 4.14: Single-phase jet velocity vector overlaid with the vorticity magnitude
at z/d = 4.4 − 6.3. The primary peak location in the RMS velocity is shown by the
square symbol. Vectors are diluted and rescaled for clarity.
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Figure 4.15: Single-phase jet velocity vector overlaid with the vorticity magnitude
at z/d = 5.7 − 7.8. The primary peak location in the RMS velocity is shown by the
square symbol. Vectors are diluted and rescaled for clarity.
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phase nearly collapse. The difference between the phase velocity varies with

radial location, peaking at 18% near the center, and being the smallest (11%

of Ucl) at r/b1/2 = ±0.75. Presuming that the interaction between phases is

associated with drag, the momentum transfer between phases should peak

near the center. As the scaled magnitudes of the radial velocity of both phases

increase at z/d = 6 and 7, the difference in their direction persists. The oil is

dispersed outward, and its velocity increases with r/b1/2 near the center, and

then plateaus at |r/b1/2| > 1.2. In contrast, the water is moving inward, and

its velocity magnitude at z/d = 6 peaks at r/b1/2 ≈ ±0.5. At z/d = 7, the

peaks are less distinct and have lower magnitudes.

As most of the oil is already broken up into droplets by z/d = 12.5 and

13.5, its streamwise velocity remains higher than that of the water, but the

difference between them (13% of Ucl) does not vary significantly in the radial

direction. This velocity difference can be explained in terms of buoyancy

effects as follows: The Sauter mean diameter of the droplet, D32, is 8.7 mm

by integrating the blob size distribution presented in figure 4.17. These oil

patches are substantially larger than those measured further downstream

under the same conditions, e.g., D32 = 1.8 mm at z/d = 30.6 (Xue and Katz,

2019), indicating that the breakup process is still ongoing. Following the

discussions in Friedman and Katz, 2002 and Gopalan, Malkiel, and Katz,

2008, the corresponding rise velocity in quiescent flows is Uq = 0.15 m/s. In

a turbulent flow with ˜︂⟨u′
zu′

z⟩
1/2

/Uq ∼ 2, which corresponds to the present

conditions, the mean rise velocity increases to 0.19 m/s. The latter is consistent

with the measured average difference between the mean axial velocity of the
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Figure 4.16: Radial profiles of (a) axial mean velocity and (b) radial mean velocity
with different downstream location, conditioned on the local presence of oil phase or
water phase. Dashed line show a spline fit of the water phase radial velocity.
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Figure 4.17: Number density distribution of oil blobs at z/d = 11.8 − 13.8.

two phases (0.20 m/s), i.e. this difference is driven by buoyancy and enhanced

by turbulence.

Finally, at z/d = 12.5 and 13.5, the radial velocity of water, i.e., its entrain-

ment rate diminishes as the water fraction reaches nearly 40% (figure 4.10a)

near the jet centerline. While the scaled radial oil velocity is higher than those

measured at lower z/d, its actual magnitude is lower. This radial oil outflux

should be expected since the oil fraction and (absolute) axial velocity keep on

decreasing in this region. In fact, the measured values of ∂(γUz,o)/∂z matches

that of ∂(γrUr,o)/r∂r to within 15% (not shown), owing to combined effects of
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Figure 4.18: Radial profiles of the axial RMS velocity with different downstream
location, conditioned on the local presence of oil phase or water phase.

uncertainty in velocity (radial component mostly) and volume fraction. The

axial velocity of the water also decreases, but its fraction increases, resulting

in a low radial influx.

The phase conditioned radial profiles of the normal, and shear Reynolds

stresses are plotted in figures 4.18, 4.19, and 4.20. Here again, the jitter of the

water data near the jet centerline at z/d = 6 − 7 is attributable to the limited

fraction of water there. The differences between Reynolds stress components

of oil and water vary with elevation. At z/d = 1 and 2, in the narrow overlap

region, where the oil ligaments form and entrain water, ⟨u′
z,wu′

z,w⟩1/2 and to a

lesser extent ⟨u′
z,wu′

r,w⟩ of the water are slightly higher than those of the oil.
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Figure 4.19: Radial profiles of the radial RMS velocity with different downstream
location, conditioned on the local presence of oil phase or water phase.
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Figure 4.20: Radial profiles of the Reynolds shear stress with different downstream
location, conditioned on the local presence of oil phase or water phase.
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At z/d = 1, the radial velocity fluctuations peak in the water region where

vortices form around the ligament tips, but the profiles of the oil and water

almost collapse in the overlap region. At z/d = 2, it appears that the peaks in

⟨u′
z,ou′

r,o⟩ and ⟨u′
z,wu′

r,w⟩ do not coincide, indicating that the former is mostly

contained in the azimuthal shear layer within the oil (figure 4.7), whereas the

latter is centered in the ligament/water vortex region (figure 4.6). For these

reasons, the combined stress (figure 4.13) has two humps. At z/d = 6 and

7, the trends are reversed, and the differences between the normal and shear

stress in the water and the oil become significantly more substantial. The axial

fluctuations and shear stresses in the oil are almost always higher than those

of the water. In contrast, while the radial velocity fluctuations in the oil are

higher along the jet periphery, those of the water are higher at the center. The

following discussion will show that the latter trend can be attributed to the

difference in the corresponding turbulence production rates. As the oil phase

breaks up into droplets at z/d = 12.5 and 13.5, the differences between all the

stress components in the oil and those in the water and near the center of the

jet nearly diminish, and the distributions scaled using b1/2 and Ucl for each

phase appear to collapse.

The next discussion investigates the reason why the turbulence level in

the oil is higher than that in the water along the jet periphery at z/d = 6

and 7. Potential buoyancy effects, such as variations in the rise velocity of

droplets (and blobs) with size in regions where they are sparse, are examined

first. Figure 4.21 and figure 4.22 presents the joint probability density function

(p.d.f) of the oil blob equivalent diameter, De/d, and the axial and radial
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Figure 4.21: The probability distributions of the oil blob axial velocity at z/d=5.8-7.7.
The blue lines shows the averaged velocity components for each diameter. Only the
oil blobs which located outside the jet (radial location of the blob’s center of mass
larger than b1/2) are included.
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Figure 4.22: The probability distributions of the oil blob radial velocity at z/d=5.8-7.7.
The blue lines shows the averaged velocity components for each diameter. Only the
oil blobs which located outside the jet (radial location of the blob’s center of mass
larger than b1/2) are included.
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velocity components of the oil blobs, ui,blob/Ucl. Here, De is defined as the

diameter of a circle with the same area as the oil area cross section, regardless of

whether it is compound or not, and ui,blob is calculated by spatially averaging

all the instantaneous velocity vectors within this blob. Only oil patches with

centers located at r/b1/2 > 0 are included. As is evident, while the blob

population becomes broader and its concentration increases with decreasing

De, the conditionally averaged values of uz,blob/Ucl increase with the oil blob

diameter. The joint p.d.f of the radial velocity component scatters in a similar

fashion, yet, the conditionally averaged distribution of ur,blob remains nearly

zero across the entire size spectrum. The difference between the trends of the

two velocity components indicates that there is a clear buoyancy effect on

the axial velocity component of the oil. However, since the radial velocity is

not dependent on size, yet the oil radial fluctuations are higher than those of

the water, the difference is not associated with blob size. Furthermore, the

variance in velocity (either component) for oil blobs of similar size is much

larger (98%) than the variations with oil patch size. Hence, buoyancy is not

the cause of the higher level of peripheral turbulence in the oil.

The next step examines the impact of turbulence intermittency, especially

in the water, resulting from entrainment of low momentum water into the jet.

Besides the oil-water interface, another distinct feature along the jet periphery

is the presence of a turbulent/non-turbulent interface (TNTI) (Silva et al., 2014).

Here, we use the normalized vorticity as a criterion for separating vortical

(i.e., turbulent) regions from the surrounding irrotational flow, as suggested

by Da Silva, Taveira, and Borrell, 2014. For free shear flows, including jets, the
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recommended normalization for each elevation (z0) is

|ω|+ (r, z0, t) =
|ω|(r, z0, t)

max(⟨ω′(r, z0)ω′(r, z0)⟩1/2)
(4.8)

Here |ω| = (ωiωi)
1/2 is the instantaneous vorticity magnitude, and the

denominator is the maximum RMS value of the vorticity along with the

radial profile. In the present case, the analysis is performed based on the

circumferential vorticity. Following Taveira et al., 2013, the threshold should

be selected as the inflection point in the vorticity magnitude histogram for

the entire sample volume. Based on the present data (not shown), |ω|+ = 0.5

has been selected as the threshold. Therefore, an additional step function,

I(r, z, t), is defined, whose value is unity for |ω|+ > 0.5 (“turbulent region”)

and zero where |ω|+ < 0.5. Partitioning the jet flow by combining the phase

distribution and turbulent regions, four zones can be delineated: (i) turbulent

& oil: I(r, z, t)H(r, z, t) = 1, (ii) non-turbulent & oil: [1− I(r, z, t)]H(r, z, t) = 1,

(iii) turbulent & water: I(r, z, t)[1 − H(r, z, t)] = 1, and (iv) non-turbulent &

water: [1 − I(r, z, t)][1 − H(r, z, t)] = 1. The corresponding fractions for each

zone can then be determined by ensemble-averaging. For example, for a

turbulent zone containing oil:

χT,o =
1
M

M

∑
p=1

I(r, z, tp)H(r, z, tp), (4.9)

where M corresponds to the total number of samples at a given location, and

the T represents the turbulence. The rest of the fractions are determined in the

same manner.
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Figure 4.23: Radial profiles of the fraction budget of the turbulent/non-turbulent and
oil/water phase zones at z/d = 6, blue: oil phase; orange: water phase; solid line:
turbulent; dashed line: non-turbulent. The fractions add up to one for a given radial
location.
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Figure 4.23 shows the fraction budgets at z/d = 6. For the oil phase,

the turbulent fraction peaks at r/b1/2 = ±0.5, at the same locations as the

corresponding peaks in ⟨u′
z,ou′

r,o⟩ (Fig. 11a). The oil in the centerline is less

turbulent. Here, χT,o is 0.43. slightly lower than the non-turbulence fraction

(0.45). At r/b1/2 > ±1, both the turbulent and non-turbulent oil fractions

diminish due to the decreasing oil fraction. For the water phase, the are

turbulent peaks are centered around r/b1/2 = ±1.4, i.e., outward from those

of the oil, and from the jet half-width. Near the centerline, the fraction of

non-turbulent water is almost zero, but it increases rapidly at r/b1/2 > 1.0.

Another convenient approach for examining the trends of intermittency is

based on calculating the fraction of turbulent regions in each phase separately

using

ξo =
1

∑ H

M

∑
p=1

I(r, z, tp)H(r, z, tp), (4.10)

and

ξw =
1

M − ∑ H

M

∑
p=1

I(r, z, tp)[1 − H(r, z, tp)] (4.11)

The results, presented in figure 4.24, indicate that near the center of the

jet, a little less than 50% of the oil is turbulent, but this fraction increases

along the perimeter and remains high. In contrast, while the water blobs

entrained into the center are mostly turbulent, the fraction of turbulent zones

decreases rapidly with increasing r/d. Therefore, substantial fractions of

ambient water penetrating into the jet are still not turbulent, resulting in lower

axial and radial velocity fluctuations as well as shear stress along the periphery.

However, while the turbulent fraction in the water is higher than that of the
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Figure 4.24: Radial profiles of the fraction of turbulent zones in oil phase (solid line)
and turbulent zone in water phase (dashed line).
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oil near the jet center, the oil streamwise velocity fluctuations (figure 4.18),

which are the largest component, are still higher than those of the water. These

conflicting trends imply that the amplitude of fluctuations in the turbulent oil

fraction must be higher than those in the water. In contrast, the water radial

velocity fluctuations near the jet center are higher than those in the oil (figure

4.19). While being consistent with the trends of turbulent fractions, the reason

for the different trends among the components is not clear. The next section

attempts to provide a plausible explanation for this discrepancy by examining

the corresponding turbulent production rates. Before concluding this section,

it should be noted that the differences between turbulence levels have also

been measured in the periphery of the far field of miscible buoyancy-driven

liquid plumes (Burridge et al., 2017). In that study, in the outer perimeter, the

axial velocity fluctuations are higher in the dispersed phase, consistent with

the present finding. However, further inward (but far from the center), the

trends are reversed. The authors postulate that the latter trend is a result of

differences in the turbulence production rate.

4.5 Turbulent kinetic energy production

This section investigates the production rates of the turbulent kinetic energy

(TKE) and normal Reynolds stresses components as well as the flow phenom-

ena affecting them. In multiphase flow containing n phases with volume

fraction fractions, γn, the TKE production rate derived from the Reynolds av-

eraged momentum equation and expressed in a cylindrical coordinate system
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is

˜︁P = −∑
n

(︃
⟨u′

r,nu′
r,n⟩

∂γnUr,n

∂r
+ ⟨u′

z,nu′
r,n⟩

(︁∂γnUr,n

∂z
+

∂γnUz,n

∂r
)︁
+

⟨u′
θ,nu′

θ,n⟩
γnUr,n

r
+ ⟨u′

z,nu′
z,n⟩

∂γnUz,n

∂z

)︃
, (4.12)

Since ⟨u′
θ,nu′

θ,n⟩ is not measured, in the following analysis, it is assumed to be

equal to ⟨u′
r,nu′

r,n⟩, i.e., assuming axial symmetry and isotropy. Many previous

measurements (Darisse, Lemay, and Benaïssa, 2015; Lai and Socolofsky, 2019;

Panchapakesan and Lumley, 1993a; Panchapakesan and Lumley, 1993b) have

shown that this assumption is reasonable for single-phase and buoyant jet.

Using this assumption, the TKE and individual normal stress production rates

of each phase are

Pn = −
(︃
⟨u′

r,nu′
r,n⟩

∂γnUr,n

∂r
+ ⟨u′

z,nu′
r,n⟩

(︃
∂γnUr,n

∂z
+

∂γnUz,n

∂r

)︃
+

⟨u′
r,nu′

r,n⟩
γnUr,n

r
+ ⟨u′

z,nu′
z,n⟩

∂γnUz,n

∂z

)︃
, (4.13)

P⟨u′
r,nu′

r,n⟩ = −2
(︃
⟨u′

r,nu′
r,n⟩

∂Ur,n

∂r
+ ⟨u′

z,nu′
r,n⟩

∂Ur,n

∂z

)︃
, (4.14)

P⟨u′
z,nu′

z,n⟩ = −2
(︃
⟨u′

z,nu′
r,n⟩

∂Uz,n

∂r
+ ⟨u′

z,nu′
z,n⟩

∂Uz,n

∂z

)︃
, (4.15)
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P⟨u′
θ,nu′

θ,n⟩ = −2⟨u′
θ,nu′

θ,n⟩
Ur,n

r
, (4.16)

Since the calculations involve velocity gradients, which are sensitive to the

jitter in the radial velocity distributions, their profiles are fitted with cubic

smoothing splines, as illustrated in figure 4.16(b). For the azimuthal term

near the jet centerline (⟨u′
r,nu′

r,n⟩Ur,n/r), the singularity is removed using

L’Hopital’s rule. Figure 4.25 shows the radial profile of ˜︁P and the terms

contributing to it at z/d = 6. Here, data for both sides of the jet are combined.

Evidently, the shear production term, ⟨u′
z,nu′

r,n⟩(∂Ur,n/∂z + ∂Uz,n/∂r), is the

dominant contributor with a peak located near r/b1/2 = 0.78. While the

axial term contributes to the centerline production, it becomes negative along

the jet periphery. The radial and azimuthal components are both very small

and negative near the center. The location of the total TKE production rate,

r/b1/2 = 0.67 is not significantly different than that measured in the far field

of single-phase jets (Lai and Socolofsky, 2019). While the present single-phase

jet is still undergoing transition at z/d = 6, the peak TKE production of this

jet at z/d = 13.5 is also located at a similar radius (r/b1/2 = 0.61).

The corresponding terms in each of the phases are compared in figure 4.26.

As is evident, the shear and axial production rate in the oil are significantly

higher than that in the water at all radial locations, especially near the cor-

responding peaks. There are also noticeable differences in the trends of the

radial contraction (⟨u′
r,nu′

r,n⟩∂Ur,n/∂r) and azimuthal terms (⟨u′
r,nu′

r,n⟩Ur,n/r)

near the center of the jet, with those of the oil being negative (but small), and

those of the water being positive. The sign difference in radial production is
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Figure 4.25: Radial profiles of the combined turbulent kinetic energy (TKE) produc-
tion term and its components scaled with U3

cl/b1/2.
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caused by the radial contraction of the water and the radial extension of the

oil. The difference in azimuthal terms is associated with the direction of the

radial velocity components (figure 4.19). Consequently, the distributions of oil

and water TKE production rate near the center of the jet take very different

forms, with that of the water being almost five times higher. Consequently,

as shown in figure 4.27, the turbulent kinetic energy in the water, estimated

using kn = (⟨u′
z,nu′

z,n⟩+ 2⟨u′
r,nu′

r,n⟩)/2, is higher than that of the oil near the

jet centerline. It might also explain the higher fraction of turbulent regions in

the water compared to those in the oil near the center. In contrast, along the jet

perimeter, the oil turbulence is higher, also consistent with the distribution of

production rate. These observations imply that in addition to the previously

discussed effects of intermittency, the lower turbulence level in the water

along the periphery is also affected by the lower production rate there.

Finally, it would also be interesting to compare the production rates of

specific normal Reynolds stress components. The results, summarized in

figure 4.28, demonstrate that while P⟨u′
z,nu′

z,n⟩ of the oil is higher than that of the

water along the entire jet radius, P⟨u′
r,nu′

r,n⟩and P⟨u′
θ,nu′

θ,n⟩ of the water are positive,

and those of the oil are negative in the vicinity of the jet centerline. These

trends are consistent with those of the axial and radial velocity fluctuations

as well as the turbulent fractions in each phase. For example, at z/d = 6,

⟨u′
r,ou′

r,o⟩ is almost equal to ⟨u′
r,wu′

r,w⟩ and ⟨u′
r,ou′

r,o⟩ < ⟨u′
r,wu′

r,w⟩ near the

centerline. Furthermore, ⟨u′
z,ou′

z,o⟩ is significantly higher than ⟨u′
r,ou′

r,o⟩ along

the entire radius, with the difference reaching 58% along the centerline. Also,

⟨u′
r,wu′

r,w⟩ has a sharp peak near the center, wheres ⟨u′
r,ou′

r,o⟩ has a broad
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Figure 4.26: Radial profiles of the turbulent kinetic energy production term of each
phase and its components at z/d = 6 scaled with U3

cl/b1/2.
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Figure 4.27: Radial profiles of the turbulent kinetic energy of each phase at z/d = 6.
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Figure 4.28: Radial profiles of the normal Reynolds stress production term for each
phase at z/d = 6. Both are normalized by U3

cl/b1/2. solid line: oil phase, fade line:
water phase.

distribution, both consistent with the trends of the corresponding production

rates.

4.6 Summary

This chapter examines the flow structure, and turbulence in the near field

of an immiscible buoyant oil jet injected into quiescent water at a moderate

Reynolds number. Velocity and phase distribution measurements are per-

formed simultaneously by applying particle image velocimetry, and planar
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laser-induced fluorescence in a refractive index matched setup involving sil-

icone oil and sugar water. These fluids have similar viscosity and density

ratios, as well as the interfacial tension with those of the crude oil and sea-

water. The results include distributions of the phase, number density of the

droplet diameter, and profiles of the mean velocity, RMS values of the axial

and radial velocity fluctuations as well as Reynolds shear stress. Data analysis

examines the mean flow and turbulence structures in both phases separately

and combined. Trends are compared to those of a single-phase jet at the same

Reynolds number. The discussion attempt to elucidate causes for differences

in the evolution of turbulent quantities between the oil and single-phase jets,

the water and the oil in the immiscible jet, and among the normal Reynolds

stress components.
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Chapter 5

Discussions and Conclusions

Immiscible turbulent jet and plume are investigated for both crude oil jet in

seawater, and a surrogate fluid setup. The behavior of an oil jet transitioning

into a plume in a crossflow at high-velocity ratios are elucidated by high-

speed imaging. Custom-built in situ digital inline holography is applied to

measure the size distribution of crude oil droplets. The effects of dispersant

concentration on the size spectrum are presented. Experimental techniques

capable of yielding simultaneous and measurements of both the carrier and

dispersed phase in an immiscible turbulent flow is developed. The phase-

dependent turbulent statistics are investigated in a vertical buoyant silicone

oil jet injected into quiescent sugar water. These fluids have similar viscosity

and density ratios, as well as the interfacial tension with those of the crude

oil and seawater. By refractive index matching both fluids, simultaneous

Particle Image Velocimetry (PIV) and Planar Laser-Induced Fluorescence

(PLIF) are performed to measure the velocity and phase distributions. Machine
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learning-based data analysis techniques are applied to obtain droplet size

distributions from the PLIF images. Compound droplets containing multiple

water droplets, some with smaller oil droplets, regularly form at moderate

and high jet Reynolds number, but rarely in low Reynolds number. The origin

of some of the encapsulated water droplets is elucidated. The interfacial

area increase, volume fraction change, and droplet deformation caused by

such phenomena are quantified. In the near field fragmentation region at a

moderate Reynolds number, the mean flow and turbulence structures in both

phases are investigated separately and combined. Comparison to a single-

phase jet at the same Re are performed. The phase-dependent turbulence

reveals significant differences in velocity and all Reynolds stress components.

Analyses provide plausible explanations of the differences in the evolution of

turbulent quantities between the oil and single-phase jets, the water and the

oil in the immiscible jet, and among the normal Reynolds stress components.

Droplet sizing procedures are developed for the submerged holography

measurements. It includes high-pass filtering of the reconstructed field to

separate the analysis for small and large droplets. To detect the sizes and

locations of the small droplets, blob analysis, and minimum depth method

are applied. For large droplets, a modified Hough transform is implemented

using a series of criteria involving image features around the droplet edge,

including gradient edge detection. The time evolution of the droplet size

distributions for the crude, 1:100 DOR, and 1:25 DOR plumes in crossflow

obtained from holography measurements are compared. As expected, the

characteristic droplet size dramatically decreases with increasing dispersant
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concentration. The rate of decrease for the crude and 1:100 DOR cases are

significant but different. A transition to a mild rate is observed at a latter time,

corresponding to the bottom region of the plume. The size of droplets retained

by the plume for both cases converges with that of the 1:25 DOR case. The

overall trajectory of the plume is affected by the dispersant concentration and

the corresponding droplet sizes. Large droplets are separated from the upper

boundary of the plume due to their higher rise velocity in the crude oil plume,

causing a difference in the plume trajectory in the upper edge. The number of

droplets entrained by secondary vortex structures under the plume increases

with dispersant concentration. The lower boundary of the crude and 1:100

DOR plumes appear to coincide and are, for the most part, higher than that of

the 1:25 DOR plume.

To elucidate the flow phenomena occurring during the early stages of the

breakup, refractive index matching of a surrogate fluid pair and high-speed

PLIF are used to overcome the experimental challenge of resolving a high

volume of fraction dispersed oil in water due to optical opacity. Although it

rarely happens at Re = 594 (We = 785), compound droplets form regularly

at Re = 1358 and Re = 2122 and persist at least up to z/d = 30.6. The origin

of some of the water pockets can be traced back to the engulfment of water

ligaments during the roll-up of the K-H vortices near the exit from the jet.

In contrast, long thin water ligaments rarely form at Re = 594 before the oil

breaks up, suggesting that for the present Oh = 0.047, the near field shear

is not strong enough to generate such ligaments. For the present range, the

fraction of compound droplets does not show significant Reynolds number
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dependence, but a strong trend of increase that seems scaled with D2. The

small droplets are less likely to be compound, and the number density of

large droplets diminishes as the Reynolds number increase, resulting the size

distributions of compound droplets have peaks that increase in magnitude

but shift to lower diameter with increasing Re. Although the buoyancy re-

duction is small due to such compound droplets, the interfacial area increase

is approximately 15%. While the increased surface area could presumably

enhance the dissolution rate of soluble components of oil into the water, the

relationship between the enlarged interfacial area and mass diffusion may

not be assumed to be simply linear. The turbulence level difference between

the interior and the external flow, as well as the balance of soluble oil com-

pounds concentration across the inner and outer oil-water interface, should be

considered. Interestingly the interior droplets remain nearly spherical while

the outer droplet deforms significantly in the high shear region. Presumably,

the higher oil viscosity and the small size of the interior droplet reduce the

deformation, create an environment with a low local capillary number.

To provide insights for the dynamics that arise within the immiscible

buoyant jet during the fragmentation, we combine the phase distribution data

obtained from the refractive index-matched PLIF data to the measurements

of the velocity field. In the azimuthal shear layer developing close to the

nozzle exit, while some vertical momentum of the water is obtained by shear,

significant gain occurs as thin water layers are entrained into the jet, while

oil ligaments start to extend outward. Kevin-Helmholtz vortices form in

the water, with their centers located at the tip of the extended oil ligaments.
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Further downstream, as the oil fragments to large blobs and subsequently

to droplets, while entraining water, the axial momentum and oil-containing

domain expand, concurrently with a reduction in the centerline oil fraction

and velocity. The spreading rate of the oil volume fraction and the decrease

in its centerline concentration are lower than those of the axial momentum

and centerline velocity. What appears to be universal profiles of either the

phase distribution or the axial momentum that could be scaled with the half

widths and centerline values develop at z/d = 6. In the single-phase jet, the

transition from an azimuthal shear layer to a self-similar profile of velocity

occurs further downstream. The mean axial velocity of the oil is always higher

than that of the water, as expected for a buoyant jet. At z/d ≥ 12.5, where

the scaled profiles collapse, the difference between the axial velocities of the

phases is consistent with the buoyant rise velocity of oil droplets with the same

Sauter mean diameter in turbulent flows. The radial fluxes of the oil and water

have opposite signs as the oil expands, and the water is entrained inward.

The turbulence level and shear stress in the oil jet are higher than those in

the single-phase jet, but this difference decreases with increasing z/d. There

are also significant disparities between the magnitude and trends of velocity

fluctuations and shear stress between the two phases of the immiscible jet.

Close to the nozzle, the velocity fluctuations and shear stress in the water are

higher than those in the oil along the narrow phase-overlap region along the

periphery of the jet. Consequently, the combined Reynolds stress profile has

two peripheral humps, one corresponding to the shear layer within the oil,

and an outer one in the region containing predominantly water.
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At z/d = 6, where the oil velocity fluctuations still have broad peak off

the jet center, along the jet periphery, all the turbulent quantities are higher

in the oil. Near the jet center, the water radial velocity fluctuations have a

sharp peak with a magnitude that is higher than the corresponding levels in

the oil. Several potential contributors are evaluated in attempts to explain the

different trends. The higher oil turbulence along the jet periphery cannot be

caused by size-dependent differences in the buoyant rise velocity of the oil

blobs. However, it appears to be affected by turbulence intermittency in the

water as quiescent outer fluid is entrained into the jet, as well as by higher

shear-dominated turbulence production rate in the oil. In contrast, near the jet

center, the TKE production rate in the water is significantly higher than that

in the oil. This latter trend is associated with radial contraction and inward

flow of the water, which increase the turbulence production, as opposed to

the radial extension of the oil, which decreases it.

Thirteen diameters downstream of the nozzle, where most of the oil is

already fragmented into large droplets/blobs, the differences between oil and

water turbulence levels diminish, and the scaled profiles of the normal and

shear stresses in each phase nearly collapse. Still, the axial velocity fluctuations

are substantially higher than the radial ones. The droplet size distributions

measured under very similar conditions at z/d=30.6 have a Sauter mean

diameter that is four times smaller than those at z/d=13, indicating the frag-

mentation of the oil persists well beyond the range examined in this paper. The

relationship between this persistent fragmentation process and the evolution

of the turbulence in the jet is deferred to future studies.
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Other interesting topics include: (i) the integration of suitable machine

learning frameworks to improve the holography droplet sizing and tracking

procedures including the robustness of the threshold criteria, the resolution, as

well as the accuracy of the depth location; (ii) the effects of dispersant concen-

tration on the formation of compound droplets; (iii) the stability and long term

impact of the soluble compounds associated with the inner droplets; and (iv)

the mechanisms of turbulent modulation and their parametric dependence of

the multiphase flow.
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