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ARTICLE INFO ABSTRACT

Keywords: We experimentally investigate the early-stage scalar mixing and transport with solvent exchange in a quasi-two-
Solvent exchange dimensional (quasi-2D) jet. We inject an ethanol/oil mixture upward into quiescent water, forming quasi-2D
Nuc;e‘;tlon turbulent buoyant jets and triggering the ouzo effect with initial Reynolds numbers, Re, = 420, 840, and 1680.
Turbulent jet

We study two different modes of fluid supply: continuous injection to study a starting jet and finite volume
injection to study a puff. While both modes start with the jet stage, the puff exhibits different characteristics
in transport, entrainment, mixing, and nucleation, due to the lack of continuous fluid supply. We also inject a
dyed ethanol solution as a passive scalar reference case, such that the effect of nucleation for the ethanol/oil
mixture can be disentangled.

For the starting jets, the total nucleated mass from the ouzo mixture seems very similar to that of the
passive scalar total mass, indicating a primary nucleation site slightly above the virtual origin above the
injection needle, supplying the mass flux like the passive scalar injection. With continuous mixing above the
primary nucleation site, the mildly increasing nucleation rate suggests the occurrence of secondary nucleation
throughout the entire ouzo jet.

For the puffs, we show that the puff with the smallest Re, propagates the fastest and its entrainment lasts
the longest. We attribute the superior performance to the buoyancy effect, which transforms a turbulent puff
into a turbulent thermal, and has been proven to have stronger entrainment. Although the entrainment and
nucleation reduce drastically when the injection stops, the mild mixing still leads to non-zero nucleation rates
and the reduced decay of the mean puff concentrations for the ouzo mixture.

Adapting the theoretical framework established in Landel et al. (2012b) for quasi-2D turbulent jets and
puffs, we successfully model the transport of the horizontally-integrated concentrations for the passive scalar.
The fitted advection and dispersion coefficients are then used to model the transport of the ouzo mixture, from
which the spatial-temporal evolution of the nucleation rate can be extracted. The spatial distribution of the
nucleation rate sheds new light on the solvent exchange process in transient turbulent jet flows.

Quasi-two-dimensional jet

1. Introduction

The studies of turbulent planar jets (Gutmark and Wygnanski, 1976;
Jirka, 2001) and wakes (Chen and Jirka, 1995; Balachandar et al.,
1999) are highly relevant in geophysics and hydraulic engineering.
Typical examples are the turbulent discharge of water streams with sed-
iments and pollutants into quiescent water bodies near estuaries (Fis-
cher, 1976) and rivers (Uijttewaal, 2014). The flows are generally
referred to as shallow flows, bounded in one direction by geographical
constraints, and thus they can be considered as planar or quasi-two-
dimensional. Giger et al. (1991) and Dracos et al. (1992) identified that
a plane jet starts meandering at a streamwise distance from the origin
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of ten times the confined water depth, which is defined as the far field.
They associated the meandering behavior to the formation of the large-
scale coherent structures (Giger et al., 1991; Dracos et al., 1992), which
have a great influence on the transport and mixing of the flow.
Landel et al. (2012a) referred to the turbulent jets within the shal-
low water layers as quasi-2D jets. They (Landel et al., 2012a) showed
that the quasi-2D jet consists of a fast sinuous core and slow quasi-
2D eddies surrounding the core. They observed self-similar Gaussian
profiles in both the core and the eddies. The linear growth of the
eddies results from the entrainment of ambient fluid. Landel et al.
extended their efforts from the dynamics of a quasi-2D jet (Landel
et al.,, 2012a) to its dispersion and mixing (Landel et al., 2012b).
They formulated (Landel et al., 2012b) a theoretical framework for
the streamwise scalar transport of the horizontally-integrated concen-
trations, which matched well with their experimental results. The term
horizontal refers to the transverse direction. Based on the dominant role
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Fig. 1. Experimental set-up. The syringe pump injects the ethanol/oil mixture upwards
to a quasi-2D geometry immersed in a water tank.

Table 1
Types of turbulent jet flows discussed in this chapter, where Cont. is abbreviation for
continuous, F.V. for finite volume injection, B for buoyancy, and M for momentum.
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of the streamwise transport, the horizontal integration enabled Landel
et al. (2012b) to model the scalar transport with a one-dimensional
advection-diffusion equation and a mixing-length hypothesis. Their
solution is governed by two parameters, namely an advection coef-
ficient K, and a dispersion coefficient K,, which can be determined
by experiments. Landel et al. (2012b) also emphasized that dispersion
is responsible for a non-negligible fraction of scalar transport in a
confined geometry, which leads to 11% of the tracers traveling ahead
of the advective front. Rocco and Woods (2015) applied an analytical
framework similar to that in Landel et al. (2012b), focusing on the
buoyancy-dominated plume instead. Rocco and Woods (2015) revealed
a constant propagation speed w, scaling with the buoyancy flux f
as w, ~ 1.3f!/3. They also calculated the advection and dispersion
coefficients, which are both smaller than the corresponding values for
a quasi-2D jet obtained in Landel et al. (2012b).

While the aforementioned studies addressed the flow with contin-
uous volume influx in the steady state, the scenarios with unsteady
driving, namely a finite volume impulse or a starting jet and plume,
are more complex. These unsteady scenarios have also attracted much
scientific interest. Diez et al. (2003) listed the scaling laws for the
bulk properties for all the scenarios, including puffs, thermals, starting
jets, and starting plumes. Table 1 lists the differences between these
scenarios.
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With a finite volume impulse, a momentum-dominated puff or a
buoyancy-dominated thermal can be generated. Applications of tur-
bulent puffs are in pulsed combustion (Johari and Motelvalli, 1993;
Ghaem-Maghami and Johari, 2007), which were shown to provide
faster fuel-air mixing than steady jets. The COVID-19
pandemic (Bourouiba, 2021) has made studying multiphase turbulent
puffs crucial in order to understand the transmission of respiratory
diseases (Mazzino and Rosti, 2021; Chong et al., 2021). Mazzino and
Rosti (2021) obtained the scaling laws for the bulk properties and the
structure functions analytically and numerically. Chong et al. (2021)
demonstrated that the mixing of the local relative humidity field
determines the lifetime of small respiratory droplets, which agrees
with the findings in de Rivas and Villermaux (2016) and Villermaux
et al. (2017). Turbulent thermals have sparked interest in the atmo-
spheric research community to facilitate the understanding of cumulus
clouds, such as the effect of humidity on entrainment (Hannah, 2017;
Vybhav and Ravichandran, 2022) and the scaling laws of the bulk
properties (Skvortsov et al., 2021).

A starting jet (Cossali et al., 2001; Ai et al., 2005) (or plume (Turner,
1962; Middleton, 1975)) is in a transient state before reaching a steady
jet (or plume) or before the full release of a puff (or thermal). A starting
jet (or plume) consists of a head vortex and a trailing jet (or plume),
and thus the interaction between these two parts governs the overall
dynamics and mixing (Ai et al., 2006).

The discussed research efforts on unsteady turbulent jet flows,
namely puffs, thermals, starting jets, and starting plumes, are mostly
for 3D flows. These flows in a quasi-2D geometry remain mostly unex-
plored. One of the few exceptions is the work by Landel et al. (2012b).
Using a rectangular source function, they extended their theoretical
framework for a quasi-2D steady jet to a quasi-2D puff. They concluded
that there are 50% of the dye traveling ahead of the advective front.

The ouzo effect, also known as solvent exchange, is a physicochem-
ical hydrodynamical process leading to the nucleation of micro-sized
oil droplets (Vitale and Katz, 2003; Lohse and Zhang, 2020). The ouzo
effect occurs in a ternary liquid solution, which consists of a good
solvent with dissolved solute, and a poor solvent. Introducing the poor
solvent into the solution will lower the solubility of the solute, leading
to saturation and eventually precipitation of the solute. On one hand,
the process has been quantitatively studied in micro-scale and in the
laminar regime, from a single droplet system (Tan et al., 2019) to
microfluidic channels (Zhang et al., 2015; Hajian and Hardt, 2015; Li
et al., 2021). On the other hand, solvent exchange in turbulent flows
is a new topic which has received much less attention. Although in Lee
et al. (2022) we obtained the time-averaged concentration field of the
nucleated oil droplets in a round 3D-jet, the opaque nature of the flow
makes it difficult to analyze the temporal fluctuations and the unsteady
temporal development for a 3D-jet. The quasi-2D geometry enables us
to look into these aspects as the thickness of the light path is uniform
across the transverse direction.

We would like to point out that the dynamics of 3D and quasi-
2D jet flows are different, and each of them is an individual topic in
itself. We investigate solvent exchange in quasi-2D jets not only because
of the limitation of 3D jet flows, but also driven by the potential
application of quasi-2D flows. Most of the aforementioned studies in
quasi-2D flows focused on one component and single-phase flow for
hydrodynamic applications. However, quasi-2D flows in nature and in
the industry might also involve chemical reactions or multicomponent
fluid systems. Rocco and Woods (2015) briefly discussed the residence
time distribution of a quasi-2D plume with potential significance for
reactive plumes. Our investigation of solvent exchange in quasi-2D jet
flows broadens the scope of this line of research. Also, a quasi-2D jet is
different from a real 2D jet or a planar jet released from a slit (Gutmark
and Wygnanski, 1976; Watanabe et al., 2015). The former has a no-slip
boundary while the latter has a slip one. Therefore, we expect some
differences in the concentration distribution between a quasi-2D jet and
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Fig. 2. Schematic ternary phase diagram and estimation of oversaturation. (a) Ternary phase diagram. The metastable regime in (a) is where the ouzo effect occurs. (b) Binodal
curve and the theoretical diffusion path for ouzo mixture w,/w, = 100. The black dashed line in (a) corresponds to the black diffusion path in (b). The binodal curve in (b) is
determined partly by titration experiments (green solid line) and partly by direct linear approximation (green dashed line). The length of the yellow line segment in (b) measures
the oversaturation. The pink dashed line in (b) extends from the yellow line segment to the pure oil phase, which can be approximated with a vertical line considering the tiny
amount of oil. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The propagation of the starting jet for Re, = 840 at four time steps for (a-d) the dye case and (e-h) the ouzo case. The color bars show the corresponding normalized
concentrations. Scale bars in (a) and (e) are for (a—d) and (e-h), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

a planar jet. However, the discussion on planar jets is beyond the scope
of this study.

In this paper, we aim to explore the solvent exchange process in
unsteady and quasi-2D turbulent jet flows, that is, starting jets and
puffs. In Section 2 we briefly go through the experimental setup and
the methods to measure the concentration. To present the results, we
start with flow visualization and the qualitative description of the jets
and pulffs in Section 3.1. The front propagation, the mean concentration
for the puffs, and the corresponding scaling laws are then discussed in
Section 3.2 In Section 3.3, from the time evolution of the total volume
and mass, we show the entrained volume flux and the nucleation
rate. Last, we calculate the advection and dispersion coefficients in the

models adapted from Landel et al. (2012b) in Section 3.4, which leads
to the estimation for the nucleated oil concentrations as a function of
time, position, and the initial Reynolds number. Conclusions are drawn
in Section 4.

2. Experiment
2.1. Set-up

We have performed experiments in a water tank filled with de-
calcified water with dimensions 25cm X 25cm X 50cm (W x L x H),
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Fig. 4. The propagation of the puff for Re, = 840 at four time steps for (a—d) the dye case and (e-h) the ouzo case. The color bars show the corresponding normalized concentrations.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

see Fig. 1. We injected an ouzo mixture of ethanol and trans-anethole
(Sigma Aldrich, >99%) at a fixed weight ratio w, : w, = 100 : 1 up-
wards into the tank, forming a turbulent buoyant jet. The mixture was
injected through a round needle with an inner diameter d = 0.84 mm
and a length ¢ = 25.4 mm. In quasi-2D flows (Jirka, 2001; Landel et al.,
2012a), the effect of the third dimension can be eliminated and the
far field flow dynamics can be established at a downstream distance
z > 10h, where h is the dimension in the confining direction. To
reduce the developing length from 3D to 2D and to keep a reasonable
operational space for cleaning and for mixing for the calibration, we
inserted two pieces of glass into the tank to confine the jet to a gap of
2 mm (quasi-2D, thin-cell confinement). The ouzo mixture was injected
by a Harvard 2000 syringe pump at three different source flow rates Q,
to reach three initial Reynolds numbers, Re, = uyd /v = 420, 840, and
1680. To produce turbulent puffs, we used the finite volume injection
mode of the pump to inject a fixed volume of 1 ml for all three Re.
The water in the tank and the mixture to be injected were kept at
20°C + 1K so that the temperature dependence of the solubility is kept
to a minimum. We conducted the reference experiments using 7000 ppm
dyed ethanol with red food dye (JO-LA) as ethanol is also the dominant
component (> 99%) of the ouzo mixture.

Using known concentrations of ouzo mixture and reference dyed
ethanol, we measured the light attenuation, forming a calibration
curve by performing an in-situ calibration. The technique requires a
backlit optical setting shown in Fig. 1. We measured the degree of
light attenuation using two Photron FASTCAM Mini AX200 high-speed
cameras with Zeiss 100 mm focal length objectives. The images were
recorded with a 1024 x 1024 pixels resolution at 50 fps. The cameras
were installed at two axial positions to capture the motion and the
concentration fields of the jets and puffs up to 25 cm above the injection
point. We carefully arranged the two cameras to ensure more than
10% of the overlap between the two recordings. The experiment for
each condition is repeated 10 times for reliable statistical results. In
the analysis, we first obtain the desired quantities as a function of time

and distance for each experiment, followed by an ensemble average of
10 experiments.

2.2. Oversaturation

To measure the concentration of the nucleated oil, we need to
estimate its oversaturation in the ternary liquid solution. Fig. 2(a)
shows the ternary phase diagram. The metastable regime colored in
yellow marks the region where the ouzo effect appears. Following the
black dashed line, the initial ethanol/oil mixture approaches the pure
water phase as the local fluid parcel mixes with more water. When
the local water fraction reaches a certain level, the black dashed line
meets the green binodal curve, where the oil becomes saturated and
starts to nucleate. To simplify the interpretation, the three-component
diagram in Fig. 2(a) is converted into two components in Fig. 2(b).
The black dashed line in Fig. 2(a) is the so-called diffusion path seen
in Fig. 2(b), approximating the phase trajectory upon mixing. The
difference between the diffusion path and the binodal curve is the
estimated oversaturation at a given water fraction, see the yellow line
segment in Fig. 2(b).

Knowing the relation between the water fraction and the oversat-
uration, we can then obtain in-situ calibration curves in Appendix A
(Fig. 25) to convert the recorded light intensity fields to the oversatu-
ration fields. For the reference dye case, a different set of calibration
curves can convert the light intensity fields to the concentration fields.
See Appendix A and Fig. 25 for more details.

3. Analysis and results
3.1. Flow visualization
We have recorded the starting jets and the puffs for both ouzo

mixture and dyed ethanol for each Re,. With three different Re,, we
have in total 2x2x3 = 12 sets of experiments. To provide a qualitative
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mark the theoretical scaling exponent for the underlying flow regimes, where 3D/2D denotes the three-dimensional and two-dimensional flow, J for jet, Pm for plume, Pf for puff,
and T for thermal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

description of the flow before diving into the analysis, we present the
concentration fields for Re, = 840 at four instances for the starting jets
in Fig. 3, and for the puffs in Fig. 4.

From Figs. 3 and 4, we can clearly identify where the flows turn
turbulent, which will be referred to as the virtual origin. The distance
between the virtual origin and the needle tip is called jet laminar
length (Hassanzadeh et al., 2021). This distance and the corresponding
time traveling to the virtual origin are subtracted in the following
analysis. The normalized concentrations displayed in the color code are
defined as:

~ Cy

Caye = TZE’ (&)
~ _ Coilsat = Cin

COII - oll,sa res , (2)

Cmax - Cthres
where Cj, is the initial dye concentration 7000 ppm, C,,, the theoretical
maximum oversaturation discussed in Section 2.2, and Cy is the
threshold oversaturation to trigger nucleation, which can be explained
by the calibration curve in Fig. 25(b).

The starting jets in Fig. 3 show a pronounced vortex-ring-like
head (Maxworthy, 1974; Glezer, 1988; Shariff and Leonard, 1992) at
the jet front, which was not reported in the previous works on quasi-2D
jets or plumes (Landel et al., 2012b; Rocco and Woods, 2015). Also, in
Figs. 3(d,h), instability patterns are formed at the jet front. We attribute
the distinct shape at the front to the large density difference between
ethanol and water, triggering a Rayleigh-Taylor instability. Such a
clear distinction between the vortex-ring-like head and the trailing jet

reminds us of the structure of a starting 3D forced plume (Ai et al.,
2006), which becomes the starting point for our modeling attempt in
Section 3.4.

Comparing the starting ouzo jet in Figs. 3(e-h) to the dye jet in
Figs. 3(a-d), the ouzo jet only turns visible above the virtual origin,
where the jet becomes turbulent. Moreover, while the dyed ethanol jet
gets diluted as its front propagates, the ouzo jet hardly gets diluted, and
its concentration peaks between the head and the trailing jet.

The puffs in Fig. 4 are actually starting jets before the injection
stops, see Figs. 4(a,b,e,f). When the whole 1 ml of the dyed ethanol
or the ouzo mixture is fully injected, the puff propagates downstream
with a weak tail. The tail is produced by detrainment (McKim et al.,
2020; Vybhav and Ravichandran, 2022) from the puff and the delayed
injection from the pump, which we do not specifically address in this
study. Without a continuous supply of the jet fluid from the trailing jets,
the puffs exhibit lower concentrations and more pronounced instability
patterns, see Figs. 4(c,d,g,h).

3.2. Front and concentration propagation

Diez et al. (2003) presented the scaling laws for the streamwise
penetration as a function of time for 3D puffs, thermals, starting jets,
and starting plumes. Utilizing the scaling laws of the velocity evolution
for planar jets, plumes, puffs, and thermals, the theoretical scaling
exponents for the front penetration can be obtained. Here we look at the
experimental front penetration in the quasi-2D cases, aiming to reveal
the difference in dynamics between the starting jets and the puffs.
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As in the developing 3D starting forced plumes detailed in Ai et al.
(2006), our jets and puffs also undergo regime transitions, from jet to
plume and from puff to thermal. Upon injection, the jet does not feel
the wall yet (d < h), so the front propagates as a 3D-jet. As the jet
expands, the flow evolves to a quasi-2D jet (or puff). Eventually, when
momentum gets depleted, a quasi-2D jet (or puff) transits to a quasi-2D
plume (or thermal). Therefore, we expect to see different penetration
rates as a function of time for the different cases, which is indeed
the case in Figs. 5(a,b). For the jet cases in Figs. 5(a,c), we normalize
the distance and the time with the characteristic scales to distinguish
the momentum-dominated and the buoyancy-dominated regime. For all
three Re, cases we have, the flows lie in the transitional regime from
the jet to the plume, with the Re, = 420 jet probing the plume regime

deeper, as indicated by the local scaling exponent » in Fig. 5(c), where
z ot

In Figs. 5(b,d), we normalize the traveling time with the injection
duration f7,. When the injection stops, we can identify from Fig. 5(d)
abrupt transitions in the propagating dynamics. The local scaling ex-
ponent n is also smaller than the corresponding jet cases in Fig. 5(c),
suggesting a significant effect of the trailing jet on the dynamics.

We only present the results for the dyed ethanol cases here because
we presume that the velocity field of the ouzo jet is very similar to that
of the dye case. This is a valid presumption except for the very early
stage, see Appendix B and Fig. 26 for a detailed comparison.

One might speculate that with intense nucleation of oil droplets,
a concentration gradient of ethanol could introduce Marangoni forces
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normalized concentration in the whole jet, [/, C,

dA, where A denotes the entire surface area of the jet and C,, the local normalized oversaturation (oil concentration). (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

on the oil droplet interface, which might cause different propagation
speeds between the dye and the ouzo case. However, the timescale of
Marangoni forces around the droplets in a ternary liquid system is 1—
2 orders of magnitude larger than the propagating time interval of our
turbulent jets at the primary nucleation site (Li et al., 2019). Therefore,
we neglect Marangoni effect on the propagation of the ouzo jets and
puffs.

While we have qualitatively described the concentration evolution
of the puffs in Section 3.1 and Fig. 4, the evolution of the mean concen-
tration can contribute to the quantitative understanding of nucleation
in turbulent puffs, see Fig. 6. When /1, < 1, a puff behaves as a starting
jet. For the dye case, in spite of the continuous supply of the dyed
fluid, entrainment and dilution follow the continuous injection, which
leads to decreasing concentrations in Fig. 6(a). Entering the puff regime
with ¢/, > 1, the concentrations decay faster without a supply of the
less diluted fluid. The effective scaling exponent » in Fig. 6(c), i.e. the
local slope of the double-logarithmic plot, provides clearer information
about the change rate of the puff concentration (5p), which follows an
effective scaling law (5,,)  (t/ty)". While n is almost independent of
Re, in the jet regime, the concentration decays slower with increasing
Req in the puff regime.

The oil nucleates in the ouzo jets, which competes with dilution and
results in increasing concentrations for /7, < 1 in Fig. 6(b). Fig. 6(d)
shows that <6p) starts to decrease upon entering the puff regime, 7/1, =
1 for Re, = 420,840, while dilution overcomes nucleation in the jet
regime for the highest Re,. From Figs. 6(c,d), we see that the ouzo

puff decays milder than the corresponding dye puff in the puff regime,
which suggests ongoing nucleation even when the injection stops.

3.3. The entrained volume flux and the nucleation rate

As nucleation of the oil is triggered by entrainment and mixing with
ambient water, we focus on the volumetric entrainment rate and the
mass evolution in this section. Knowing the total volume of the jet
and the puff for each frame, the volume flux Q can be easily obtained
by taking the time derivative. Because of the non-monotonic variation
of the total volume, we bin the volume evolution using a Gaussian
filter. Subtracting the source volume flux Q, for each Re, case, the
entrained volume flux Q. in Fig. 7 is calculated. Note that we did not
perform the subtraction for the puff cases after the injection stopped.
Since the entrainment depends on the momentum and buoyancy regime
transition (Fischer et al., 1979; Ai et al., 2006), we normalized the
traveling time with the momentum length scale discussed in Fig. 5(a).

Fig. 7(a) shows that the normalized entrained volume flux is almost
independent of Re,, which is expected for turbulent jets. The smaller
the Re,, the deeper into the plume regime the flow probes, and in
turn the higher the normalized entrainment flux. The peaks for all
three curves in Fig. 7(b) mark the moment the injection stops, after
which the puff phase starts. The normalized entrainment flux for puff
decreases with increasing Re(, which is directly related to the moment
the injection stops. In other words, the smaller the Re,, the closer
the flow approaches the buoyancy-dominated regime, leading to the
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Fig. 9. The evolution of the mass change rate for (a) the starting ouzo jets, and for (b) the ouzo puffs, and the evolution of the entrainment rate for (c) the starting dye jets (d)

for the dye puffs. The mass change rate can be interpreted as the nucleation rate.

transition from a plume to a thermal, which entrains more than the
jet-to-puff scenario.

While the total volume is dominated by entrainment, the total mass
for the dye case accumulates linearly in time with a given mass flux, see
Figs. 8(a,b). For the jets, the measured mass evolutions for all three Re,
show excellent agreement with the theoretical value in Fig. 8(a). The
puffs, however, do not really reach the intended total mass in Fig. 8(b),
especially the two cases with higher Re,. We attribute the deviation
to the intense mixing and dilution in the initial period ¢/¢, < 1, which
might cause a very non-homogeneous distribution of the dye across the
gap, compromising the way we estimate the total mass. Also, it is highly
likely that there is a small fraction of the fluid that gets too diluted to
be detected by the camera, leading to the deviation of the total mass
in the final stage.

Looking at the mass evolution for the ouzo jets in Fig. 8(c), the
almost-linear curves suggest that most of the oil droplets are gen-
erated at a primary nucleation site above the virtual origin, which
is essentially like the injection of a normal dyed fluid. The minor
increase in the slope of the curves indicates the continuous secondary
nucleation along the propagating jets. The ouzo puffs in Fig. 8(d)
exhibit pronounced secondary nucleation after stopping the supply
from the primary nucleation, coherent with the continuous entrainment
reported in Fig. 7(b). Note that the m,; in the ouzo case is not the
true mass, but the summation of the normalized concentration in the
whole jet, T C,; d A, where A denotes the entire surface area of the jet
and C,; the local normalized oversaturation (oil concentration). Since
we cannot measure the concentration fields for both nucleated oil and
ethanol simultaneously, the lack of local density fields determined by
the ethanol/water ratio makes the true oil mass inaccessible.

Extracting the slope in Figs. 8(c,d), we estimate the nucleation rate
for the ouzo jets and pulffs, see Figs. 9(a,b). The nucleation rate further
strengthens our arguments about primary and secondary nucleation.
The initial strength of entrainment and mixing, characterized by Re,
dictates the nucleation rate. The plateau for the two cases with higher
Re in Fig. 9(a) reveals that most of the oil droplets nucleate at the
primary nucleation site, while the Re, = 420 case preserves sufficient
oil which nucleates downstream with the propagating jet. For the ouzo
puffs in Fig. 9(b), in spite of the drastic decay without the primary
nucleation supply for 7/7, > 1, the nucleation rate for all three cases
remains positive. Without the intense mixing and the primary nucle-
ation in the trailing jet, the puff head continuously entrains ambient
water, leading to continued nucleation.

We emphasize that it is entrainment that triggers turbulent mixing
and subsequent nucleation of the oil droplets. Therefore, we expect the
evolution of the nucleation rate to be more or less affected by that of
the entrainment rate. We plot the entrained volume flux in Figs. 9(c,d),
which is the non-normalized version of Fig. 7. Comparing Figs. 9(a,b)
to Figs. 9(c,d), the evolution of the nucleation rate is strikingly similar
to that of the entrained volume flux. The resemblance shows clearly
the dominant role of entrainment in triggering nucleation from a global
perspective.

3.4. Transport and nucleation of the horizontally integrated concentrations

In the previous section, we approached entrainment and nucleation
from a global perspective, considering the jet or the puff as a whole,
and observing its evolution as a function of time. To investigate the
temporal and spatial variation of the flows, we adapt the theoretical
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Fig. 10. The time evolution of the horizontally-integrated concentration profiles for the dye jets. ¢qy. is the horizontally-integrated concentrations. (a-c) show the original profiles
and (d-f) show the normalized ones from the corresponding case in (a—c) in terms of the similarity variables. In (d—f), y = y() = ¢(z,1)t"'/3, F is the source mass flux, and M,

the initial momentum flux. All six figures share the same legend.

framework for quasi-2D jets and puffs in Landel et al. (2012b), focusing
on the streamwise evolution of the horizontally-integrated concentra-
tions. In Figs. 10-13 we show the experimental data for the streamwise
distribution of the horizontally-integrated concentrations ¢ for the dye
jets, the ouzo jets, the dye puffs, and the ouzo puffs, respectively.

Figs. 10(a—c) present ¢ for the propagating dye jets, which consist
of a vortex head and a trailing jet. The vortex head accumulates a large
amount of ¢ due to its radial expansion, matching with the snapshots in
Fig. 3. It was shown (Landel et al., 2012b) that the similarity variable
n can be formulated as = z/(*/3 M(;/ %), suggesting that the front
position z scales with r2/3. Although the local scaling exponent n in
Fig. 5(c) is not precisely 2/3, the normalized profiles in Figs. 10(d—f)
show that the 2/3 scaling works reasonably well for the propagation of
¢, at least for the two higher Re, cases. Note that the F we use here is in
fact the flux of [f, Cgye dA instead of mass flux derived from Fig. 8(a).
The relation between the mass flux rigy, and the flux of [, C4ye dA can
be expressed as:

. d
taye = P 5 //A CagedA = PiF, 3)

where P, is a constant throughout the injection and gy, and F can
both be approximated as constant.

The profiles for the starting ouzo jets in Fig. 11 look similar to
the dye jets at first glance. The most noticeable difference is the more
pronounced vortex head at the jet front. The continuous nucleation
at the vortex head contributes to this feature of the ouzo jets. Also,

in the early stage, the primary nucleation in the ouzo jets boosts the
concentration levels, which is well captured by the change of profile
from 7 = 0.2s to ¢ = 0.6s in Figs. 11(a,d).

Without the trailing jet, the profiles between the dye pulffs in Fig. 12
and the ouzo puffs in Fig. 13 become less differentiable. However, the
concentration boost in the early stage is still pronounced and captured
for all three cases, see the change of profile from /7, = 0.2 to t /¢, = 0.4,
0.6, and 1.0 in Figs. 13(a—c), respectively.

Note that the B we use here is the summation of concentration
1[4 Caye A for dye and |, C,y dA. The relation between the mass and
the summation of concentrations for the dye case can be expressed as:

mdye=P2//ACdyedA=PZB’ (C)]

where P, is constant throughout the injection.

To model the experimental data presented above, we adapt the
model presented in Landel et al. (2012b) for the constant flux case and
the finite volume case,

2F11/3y1/2 2 (Ko 1Y 4P
bt = 32K F[§ (K—a—§>, 0K ], 5)
3K, M) r[g(K—a+1)] a a
d
2Bz!/? 2 (K, 1 423/
(s evramn L - O otakd Rrwpyrren
3K, M, F[E(K—”+l)] a 9K M1
d
K 3/2
_r 2<_a_l>,—417'2 LTy <t (6)
3\Ky 2/ ok, M) - Ty)
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where ¢y, is the horizontally-integrated concentration for the jet, ¢ps
the horizontally-integrated concentration for the puff after the injection
stops, F is the flux of the concentration summation, B the summation
of the concentrations, M, the source momentum, 7, the injection
duration, 5 = z/(t*/? M(i/ %) the similarity variable, K, the advection co-
efficient, K, the dispersion coefficient, and I" the (incomplete) gamma

function,

(s
F(s,x):/ e ldr,
X

I'(s)=1TI¢s,0).

)
®

Note that a pulff is essentially a starting jet during the injection.

As we mentioned earlier, our starting jets consist of a big vortex
head and a trailing jet. Therefore, the model for a steady pure jet
in Eq. (5) cannot accurately predict the integrated concentration in
the vortex head. Knowing that the vortex head grows by its own
entrainment and by the supply from the trailing jet (Ai et al., 2006),
we combine Egs. (5) and (6), aiming to better capture the profiles of a
quasi-2D starting jet,

9
(10)

¢sjet = aj¢jet + ap¢puff
aj+a,=1

where a; and a, are dimensionless fitting parameters and represent
fractions of jet and puff. To determine ¢, B in Eq. (6) is crucial.
B for a puff is simply the total injected mass (summation of concen-

tration), which is not as straightforward for a jet. Here we choose

10

the summation of concentration at the previous instant as the value
substituted into Eq. (6) for B. That is, B(f) = Beyp(f — 41), where By,
is the experimentally determined value in Eq. (4) and 4t is the time
between frames.

At every instant, we perform optimization to minimize the differ-
ence between the experimental and the modeled results, obtaining the
time-dependent advection coefficient K, and dispersion coefficient K.
Although these coefficients should be constant based on the mathemat-
ical derivation (Landel et al., 2012b), the variation in time offers more
accurate modeling of the dye case and the following attempt to estimate
the amount of nucleation.

In Figs. 14(a—c) we construct the spatial-temporal contours of the
experimentally determined ¢y, using the profiles in Fig. 10. The
contours for the modeled results are shown in Figs. 14(d-f), which
show good agreement with the experimental results. We further present
the deviation between the measurements and the model, plotting
the spatial-temporal contours for the deviation factor y = (Bexp —
Pmodel)/ Pmoder 1N Fig. 15. Small y in Fig. 15 confirms that Eq. (10)
accurately models the starting jets, except for the front area, where the
model shows a more diffusive front and over-predicts ¢. We attribute
the deviation to the simplicity of the model compared to our experi-
mental conditions. First, we operated in a transitional regime instead
of a fully developed turbulent regime in terms of Re, which introduces
additional complications. Second, we model the horizontally-integrated
concentration in the vortex head and branches formed by a Rayleigh—
Taylor instability using the puff model, see Egs. (6) and (10). This is
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certainly not the same scenario as in Landel et al. (2012b), where the
model is adapted from.

Fig. 16 displays the time-dependent fitted parameters for the mod-
eled results in Figs. 14(d-f), namely K, and K,. We also plot the fitted
coefficients from Landel et al. (2012b) and Rocco and Woods (2015)
for comparison. Note that Rocco and Woods (2015) did not use the
same framework we adapt from Landel et al. (2012b). Both K, and K,
do not align with the results reported by Landel et al. (2012b), which
we attribute to the difference between a steady pure jet and a starting
buoyant jet.

Fig. 17 shows the evolution of the jet and puff ratio, a; and a,
in Eq. (10). While we cannot guarantee absolute physical relevance,
these two parameters somewhat characterize the interaction between
the vortex head (modeled by a,¢p,¢) and the trailing jet (modeled by
a;pjer)- Fig. 17 suggests that the vortex head quickly emerges after the
injection, reaching around half of the total weight as the jet propagates.

To estimate the amount of nucleation for the ouzo jets, we assume
that the ouzo jets and the dye jets are dynamically similar at the same
Rej. We constrain the fitting parameters k,, K,, a;, and a, for the
ouzo jets within +5% of the values for the dye jets, and perform the
same optimization procedures. The difference between the experimen-
tal and the modeled results is then the amount of nucleation. While the
mass flux F is almost constant for the dye cases, it is monotonically
increasing in time for the ouzo cases due to nucleation, see Figs. 8(c)
and 9(a). In order to estimate the amount of nucleation, the mass
flux F substituted into the model is determined by the corresponding
experimental value of the previous instant, that is, F(t) = riiy;(t — At),
where 1 is determined in Fig. 9(a), and 4t is the time between frames.
The spatial-temporal contours for the experimental ouzo jets and the
corresponding modeled ones are shown in Fig. 18.
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To account for the deviation factor y from the dye jets, we estimate
the amount of nucleation by A¢;; = Pyt exp—7 Poil,model - Fig- 19 presents
the spatial-temporal contours for the evolution of nucleation. Although
we do not distinguish between the primary and the secondary nucle-
ation in the model, the estimated nucleation here mostly comes from
the secondary nucleation. The primary nucleation above the virtual
origin serves as a mass influx, which is difficult to model in the early
stage and thus only partially captured by the sharp color change slightly
beyond ¢ = 0 in Fig. 19. We can identify that the increasing nucleation
in time for the Re, = 420 case agrees with the monotonically increasing
nucleation rate in Fig. 9(a). Moreover, the oil droplets nucleate along
the entire vortex head and a small fraction of the trailing jet. The red
areas at the tail are caused by the delayed appearance of the ouzo jets,
see Fig. 3 for visualization.

For the dye puffs, we also construct the spatial-temporal contours
in Figs. 20(a—c) using the experimental profiles presented in Fig. 12.
Applying Egs. (5) and (6) to model the dye puffs, we obtained the
modeled contours in Figs. 20(d-f). Calculating the deviation factor
y between the experiments and the model, we obtain the spatial—
temporal contours for the dye puffs shown in Fig. 21. Fig. 21 shows
that the model works better with increasing Re,. Also, modeling the
finite volume release with a rectangular source function (Landel et al.,
2012b), Eq. (6) takes more time to make the transition from a jet to
a puff for 1 < t/t, < 2. For t/t, > 2, the model agrees well with the
experimental data, except for the diffusive front and tail.

The fitted parameters K, and K, are then shown in Figs. 22(a,b).
While the values of the coefficients deviate from Landel et al. (2012b),
the slightly higher K, for puff than the corresponding K, for jet
presented in Fig. 16(a) agrees with Landel et al. (2012b). However,
turbulent dispersion takes effect differently on the starting jets and
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Fig. 17. The optimized jet and puff ratio, a; and a,, for all three Re, for the dye starting jets.

on the puffs, which is different from previous findings (Landel et al.,
2012b), see Figs. 22(b) and 16(b). As shown in Figs. 3 and 4, the highly
buoyant quasi-2D puffs trigger the onset of the instability patterns
quickly after injection, which might have a huge effect on the advection
and dispersion of the flows as the Rayleigh Taylor instability greatly
increases the length of the contour allowing for enhanced mixing.
Therefore, it is not surprising to see that the highly buoyant quasi-
2D starting jets and puffs behave differently than quasi-2D steady jets
reported (Landel et al., 2012b).

Using the same approach we did to the starting jets, we attempted to
estimate the amount of nucleation for the ouzo puffs using the K, and
K, for the dye puffs. We first construct the spatial-temporal contours
for the ouzo puffs in Figs. 23(a—c) from the profiles in Fig. 13. However,
when we imposed the +5% constraints on the fitting parameters, we
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found that the model puffs fall behind the measured ones, leading to
a significant amount of estimated nucleation at the front, which we
consider as an inaccurate estimation. To better capture the experimen-
tal data, we relax the constraints of the fitting parameters K, and K,
to be +20% of the corresponding values obtained from the dye puffs,
which better matches the propagation and the shape of the measured
ouzo puffs. We present the fitted K, and K, in Figs. 22(c,d), and the
spatial-temporal contours for ¢ 4. in Figs. 23(d—f).

Comparing Figs. 22(c,d) to Figs. 22(a,b), the ouzo puffs have slightly
stronger advection but slightly weaker dispersion. While the reason
behind the weaker dispersion remains unclear, the stronger advection
can be identified by Figs. 12(a—c) and Figs. 13(a—c), whose comparison
shows faster advection of the puff front for the ouzo puffs. We attribute
the enhanced front advection of ¢; to the intense nucleation at the
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Fig. 18. The spatial-temporal contour plots for the horizontally-integrated concentrations for the ouzo jets, ¢;. (a—c) show the results

the modeled results.

(a)

from the experiments, and (d-f) display

()

30
0.25 4 Reo = 420 { Rep = 840 - Reo = 1680 24
0.20 1 7| 18
4 12
= 0.15 1 | A - 6 £
g ; st 0 &
w i i 4 —6
0.10 19
0.05{ - 4 - —18
—24
0.00 . . . —30
0.0 2.5 0 2 0 2

t(s)

t(s)

t(s)

Fig. 19. The spatial-temporal contour plots for the amount of nucleation obtained from Fig. 18.

front upon mixing. For a dye puff, mixing at the front leads to the
opposite effect on ¢qye due to dilution. Figs. 26(d-f) also show that
the actual front for the dye puff and the corresponding ouzo puff
propagates similarly. What makes them different in ¢; and K, is the
total enclosed concentration in the front area.

Since the puffs nucleate less than the jets due to weaker en-
trainment, the estimated instantaneous nucleation A¢yy = Poifexp —
¥®oil,model 1S SOmetimes at the same order of magnitude as and the devi-
ation between the model and the experiment. Therefore, we display the
accumulated additional nucleation after the injection stops, ¢ — ¢, in
Fig. 24, where ¢, is the accumulated nucleation, and ¢, is the amount
of nucleation at 7;). To obtain ¢.;; — ¢, the summation of concentration
B in Eq. (6) is the measured m; at t/t, = 1 shown in Fig. 8(d). Fig. 24
shows that the droplets nucleate along the entire puff for all three
Re,, suggested by the appearance of dark patches as time evolves.
Moreover, the Re, = 1680 case demonstrates enhanced nucleation at
the puff front, which mainly occurs right after the injection stops. We
attribute the enhanced nucleation for the Re, = 1680 case to the larger
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remaining momentum, which in turn leads to stronger entrainment and
nucleation.

4. Conclusion

We have experimentally investigated the propagation, entrainment,
mixing, and subsequent nucleation in quasi-2D starting jets and puffs.
We injected both dyed ethanol and an ouzo mixture to compare the
case with and without nucleation. Using a light attenuation technique,
we tracked the propagation of the jets and the puffs and measured
the evolution of concentration. The quasi-2D starting jets and puffs go
through various regimes, from the momentum-dominated jet and puff
to the buoyancy-dominated plume and thermal. Due to a large density
difference between the major component in the jet fluid and the am-
bient, namely ethanol and water, the jet front develops a pronounced
head vortex, which later on becomes unstable due to a RT instability.

Following the onset of turbulent entrainment, the ouzo jet flows
only become visible above the virtual origin. This is where the primary
nucleation occurs, which functions as the inlet of mass influx. Beyond
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Fig. 20. The spatial-temporal contour plots for the horizontally-integrated concentrations for the dye puffs. (a—c) show the results from the experiments, and (d-f) display the

modeled results.
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Fig. 21. The spatial-temporal contour plots for the deviation between the experiments and the models in Fig. 20. ¥ = ($exp ~ Pmodel)/ Pmodel Mmeasures the degree of deviation. Note

that the model works well for most of the puffs, but overpredicts front propagation due to the simplicity of the model. The analytical framework neither accurately models a puff
in the transitional Re, nor does it addresses the Rayleigh-Taylor instability present in our puffs.

the primary nucleation site, continuous entrainment leads to secondary
nucleation and dilution at the same time, which act against each
other in determining concentration. Considering a jet or a puff as a
whole, the time evolution of the nucleation rate closely follows that of
the entrained volume flux, indicating the dominant role of turbulent
entrainment in inducing solvent exchange.

Adapting the analytical framework developed by Landel et al.
(2012b), we successfully model the horizontally-integrated dye concen-
tration measured from the experiments, obtaining the fitted advection
and dispersion coefficients, K,&K,, for both the starting jets and the
puffs, and the jet and puff ratio, a;&a,, for the starting jets. These fitted
parameters from the dye cases are then plugged into the corresponding
ouzo case with +5% — +20% relaxation. Combining the fitted parameters
with a careful selection of the mass flux F and the total mass B for
different scenarios, we estimate the spatial-temporal evolution of the
nucleation rate for the jets, and that of the accumulated nucleated
mass for the puffs. The estimations not only agree with the temporal
evolution presented in Fig. 9, but also reveal the spatial distribution
of nucleation for various scenarios, from the effect of Re, to the
continuous or finite injection. The presented framework takes our
understanding of solvent exchange in turbulent flows to the next level.
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Appendix A. Calibration curves

In Section 2.2 we mentioned that we have used in-situ calibration
curves to convert the recorded light attenuation to dye concentration
or oversaturation of the nucleated oil. For the dye case, we obtained
calibration data points shown in Fig. 25(a), which can be fitted with a
linear curve for concentration below 4000 ppm. For the ouzo case, the
calibration data points are obtained using the phase diagram discussed
in Section 2.2 and Fig. 2, which we fit by the empirical function,

a4(C — as)
1 4 ajen(C-a3)’

9
1+ a e®2(C-a3)

®(C) =log (Ieg/1) = 11
where @ is the light attenuation level, C the oil concentration (or
oversaturation), and a,-as the fitted coefficients. A calibration curve
for the ouzo mixture is shown in Fig. 25(b). We define Cy,..s to be the
point where @ reaches 1% of its peak. Note that the calibration curve
shown here is a local calibration curve for one image unit of 5 x 5
pixels. We have obtained in total 204 x 204 local calibration curves
within the recording domain.

Appendix B. Front propagation of the ouzo cases

We argued in Section 3.2 that the dyed ethanol and the ouzo
mixture are similar in dynamics, and used the front propagation of
the dyed ethanol to represent that of the ouzo mixture. However, we
found in Section 3.4 that the ouzo puff has a larger advection coefficient
K, than the corresponding dye puff, which seems contradictory to our
argument. To validate our argument, we show the comparison of the
front propagation between the ouzo case and the dye case for each Re,
and for jet and pulff respectively in Fig. 26.

Fig. 26 indicates that the front trajectories of the two jet fluids
are almost identical for all the scenarios, except for the deviation
in the initial period. The deviation can be attributed to the delayed
appearance of the ouzo jets shown in Figs. 3 and 4. The initial leading
front trace of the ouzo puff in Fig. 26(d), however, remains unclear.
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