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Turbulent emulsions are ubiquitous in chemical engineering, food processing,
pharmaceuticals and other fields. However, our experimental understanding of this area
remains limited due to the multiscale nature of turbulent flow and the presence of extensive
interfaces, which pose significant challenges to optical measurements. In this study, we
address these challenges by precisely matching the refractive indices of the continuous
and dispersed phases, enabling us to measure local velocity information at high volume
fractions. The emulsion is generated in a turbulent Taylor—Couette flow, with velocity
measured at two radial locations: near the inner cylinder (boundary layer) and in the
middle gap (bulk region). Near the inner cylinder, the presence of droplets suppresses
the emission of angular velocity plumes, which reduces the mean azimuthal velocity and
its root mean squared fluctuation. The former effect leads to a higher angular velocity
gradient in the boundary layer, resulting in greater global drag on the system. In the
bulk region, although droplets suppress turbulence fluctuations, they enhance the cross-
correlation between azimuthal and radial velocities, leaving the angular velocity flux
contributed by the turbulent flow nearly unchanged. In both locations, droplets suppress
turbulence at scales larger than the average droplet diameter and increase the intermittency
of velocity increments. However, the effects of the droplets are more pronounced near
the inner cylinder than in the bulk, likely because droplets fragment in the boundary
layer but are less prone to break up in the bulk. Our study provides experimental insights
into how dispersed droplets modulate global drag, coherent structures and the multiscale
characteristics of turbulent flow.
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1. Introduction

Emulsions, consisting of two immiscible liquids, are ubiquitous in various natural and
industrial processes, such as oil spills in the ocean, pharmaceuticals, food processing, oil
production and recovery (Li & Garrett 1998; McClements 2004; Kokal 2005; Spernath &
Aserin 2006; Gopalan & Katz 2010; Mandal et al. 2010; Kilpatrick 2012). In turbulent
emulsions, the multiscale nature of turbulence adds to the complexity of the system.
Therefore, although emulsions are frequently encountered, our understanding of the
underlying physics of emulsions, particularly turbulent emulsions, remains elementary.
Two major unanswered questions in the study of emulsions pertain to (i) droplet
dynamics (the droplet size distribution and preferential concentration of droplets in
certain regions of the flow) and (ii) the modulation of the statistics of the base flow.
The investigation on droplet size in turbulent flow can be traced back to Kolmogorov
(1949) and Hinze (1955). In their theory, the background turbulence is assumed to be
homogeneous and isotropic, with the maximum droplet size, dy, determined by the
competition between turbulent fluctuations induced external pressure force from the
background flow over the droplet and resisting capillary cohesive forces of the droplets
(Risso & Fabre 1998; Perlekar et al. 2012; Perlekar et al. 2014; Eskin, Taylor & Yang
2017; Rosti et al. 2019; Begemann et al. 2022). However, it has been pointed out that
the Kolmogorov—Hinze theory has certain limitations, particularly in non-homogeneous
turbulent flows (Hinze 1955; Lemenand et al. 2017). Recent studies on wall-bounded
Taylor—Couette (TC) turbulence (Yi et al. 2022) suggest that the average droplet size in the
bulk region is not governed by the Kolmogorov—Hinze model (Kolmogorov 1949; Hinze
1955), but instead by the dynamic pressure induced by the gradient of the mean flow,
as proposed by Levich (Levich 1962). For more details on the breakup of bubbles and
droplets in turbulence, we refer to the review paper by Ni (2024) and the references therein.
In turn, the presence of droplets can also alter the statistical properties of turbulence
and the global transport quantities, such as drag, in the emulsion (Piela er al. 2008;
Yi, Toschi & Sun 2021). Yi et al. (2021, 2022) and Wang et al. (2022b) found that
the size and viscosity of the droplets have a profound effect on the global drag of
the system. The drag increases with the volume fraction and viscosity of the dispersed
phase, and the effective viscosity of the emulsion system exhibits a shear-thinning effect
as the shear increases. Bakhuis er al. (2021) and Yi et al. (2024) studied catastrophic
phase inversion in turbulent TC flow, demonstrating that significant drag reductions in
the transport of emulsions can be achieved by selecting the appropriate emulsion type.
The modulation of turbulence by the presence of droplets in turbulent emulsions has
recently attracted growing interest in numerical simulations. For small-scale statistics,
Crialesi-Esposito et al. (2022) analysed velocity and vorticity fluctuations and observed a
significant deviation in the tails of probability density functions (PDFs). The observation
that a deformable interface increases intermittency has been further verified, with the
effect primarily attributed to the strong velocity differences across the interfaces (Crialesi-
Esposito et al. 2023a). For large-scale modulation, Hori et al. (2023) reported two regimes
in TC emulsion at a Reynolds number of 960 based on the Weber number: an advection-
dominated regime and an interface-dominated regime, where both the global drag and
Taylor roll structures are strongly modulated. More specifically, Dodd & Ferrante (2016)
and Perlekar (2019) examined the turbulent kinetic energy (TKE) budget for varying
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Weber numbers in homogeneous isotropic turbulence. Both studies found that the total
kinetic energy compensates for surface area variations; i.e. the presence of interfaces
introduces an alternative kinetic energy transfer mechanism, with TKE decreasing as the
interface increases, and vice versa. Trefftz-Posada & Ferrante (2023) conducted a similar
investigation in homogeneous shear turbulence, analysing production, dissipation and
surface tension terms separately to study their modulation effects on TKE. They proposed
‘catching-up’ mechanisms to explain the higher degree of enhancement of production and
dissipation rate of TKE for lower Weber number case.

From the above, it is clear that most experimental studies were conducted on the global
properties of emulsions when concerned about system modulations, and our knowledge
of turbulence modulation by droplets based on experiments is limited. Experimental
techniques using optical measurements have been widely applied in fluid dynamics
to provide detailed velocity information with high spatial and temporal resolution.
However, a major challenge arises for optical measurements in multiphase flows, especially
emulsions, because the emulsion fluid is opaque due to the presence of liquid—liquid
interfaces. This is illustrated in figure 1(a), where a ruler is immersed in the fluid as a
reference. Although the dispersed and continuous phases are individually transparent, their
mixture is not. The small droplets in the emulsion system act as spherical lenses. When a
light beam passes through the mixture, it experiences multiple reflections and refractions
(see figure 1b), making the ruler difficult to see and rendering optical measurements
unfeasible. In light of this challenge, previous optical measurements in liquid—liquid flows
were primarily conducted under stratified conditions, at low Reynolds numbers, or at
low volume fractions of the dispersed phases (Conan et al. 2007; Kumara, Halvorsen &
Melaaen 2010; Morgan et al. 2013; Ibarra et al. 2018, 2021; Yi et al. 2023). Thus, our
experimental understanding of the underlying mechanisms of turbulence modulation in
turbulent emulsions remains limited, particularly at high dispersed volume fractions.

In this work, we address this challenge by precisely matching the refractive indices of the
dispersed and continuous phases and experimentally investigating the mechanisms of drag
and turbulence modulation by the dispersed droplets. This paper is organised as follows. In
§ 2, we introduce the experimental set-up, the unique preparation of working fluids and the
methodology utilised in detail. In § 3, we present the major results, including the global
drag modulation and the modification of the continuous phase at two radial positions.
Finally, in § 4, we conclude the paper with a brief summary and outlook.

2. Experimental set-up and methodology
2.1. Experimental set-up

Taylor—Couette turbulence, which refers to the flow between two coaxial cylinders, is
one of the classic systems in fluid mechanics. The TC is a closed system that allows
for precise control of the volume fraction of the dispersed phase and features easy
accessibility for global drag and local velocity measurements. In our experiments, the
TC system is constructed from a commercial rtheometer (Discovery Hybrid Rheometer,
TA Instruments), as shown in figure 1(e). The system consists of an inner cylinder with a
radius r; =25 mm and height L = 100 mm, and an outer cylinder with a radius r, = 35 mm
and height 110 mm. These two cylinders create a gap d =r, — r; = 10 mm, a radius ratio
ri/ro = 0.714 and an aspectratio I' = L /d = 10. The inner cylinder is made of aluminium
and anodized to form a black oxidation layer, which reduces unwanted reflection that could
decrease the signal-to-noise ratio during optical measurements. The outer cylinder and the
cubic tank, which encloses the outer cylinder, are made of Plexiglass, allowing for optical
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Figure 1. A picture of a ruler immersed in an emulsion fluid before (a) and after (b) refractive index matching.
The cartoon illustrates the laser Doppler anemometer (LDA) measurements before (¢) and after (d) refractive
index matching. We note that in (d), the light brown circles are included to remind the reader that the flow
system consists of droplets, which are not actually visible. (¢) A sketch of the experimental set-up, with the
measurement technique LDA also depicted. (f) An enlarged view of the LDA measurement location: the blue
triangles represent measurement points near the inner cylinder, while the red diamonds represent points in the
middle gap. (g) A cross-section of the TC system, with the inner and outer cylinder radii denoted as r; and r,,
respectively. The measured velocity components in the azimuthal and radial directions are denoted as uy and
u,, respectively. We note that the circles are shown to remind the reader that liquid-liquid two-phase turbulence
is being investigated here; these droplets cannot actually be seen.

accessibility. The upper cover is made of black acrylonitrile butadiene styrene to further
minimise unwanted reflection from above.

The inner cylinder is directly screwed onto the rheometer and driven by its motor at a
constant angular velocity w;. The outer cylinder, associated with the cubic tank, is fixed.
The global torque required to maintain a constant @; can be directly measured by the
rheometer, with high accuracy of up to 0.1 nN m. The time series of torque is recorded
after a statistically steady state is reached. The measured torque consists of two parts: one
contributed by the TC flow and the other originating from the top and bottom end plates
(von Karman flow). The latter contribution can be estimated using the same linearisation
method that has been fully discussed in our previous studies (Wang et al. 2022a; Yi et al.
2022). The torque contributed by the TC flow is denoted as T in the following.

The control parameter of the TC system is the Reynolds number defined as

Re =wjrid /v, 2.1)

where v, = 1./ p. is the kinematic viscosity of the continuous phase. v, u and p are the
kinematic viscosity, dynamics viscosity and density of the fluid. We use subscripts ¢ and
d to discriminate the continuous and dispersed phase. For the two-phase case, volume
fraction of the dispersed phase ¢ is needed. A key response parameter of the system is the
dimensionless torque defined as

G=T/QuLp?). (2.2)

2.2. Working fluid

As mentioned in the introduction, the presence of a two-phase interface typically makes
the fluid optically opaque, which greatly limits the applicability of optical measurements.
To address this issue, we precisely match the refractive index between the continuous and
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dispersed phases (see review articles Budwig (1994), Wiederseiner et al. (2011), Amini &
Hassan (2012) and Wright, Zadrazil & Markides (2017)). After refractive index matching,
the droplets are invisible within the continuous phase, making the entire emulsion system
optically transparent, as sketched in figure 1(c,d).

In this work, the continuous phase is a mixture of ultrapure water (density p,, = 0.998 x
103 kg m—3, refractive index n,, = 1.3325) and glycerol (Titan Greagent, G66258A, Pg =
1.231 x 103 kgm ™3, n ¢ = 1.4720). The dispersed phase is a mixture of silicone oil (Shin—
Etsu KF-96L-2cSt, p; =0.873 x 10°> kgm™3, ny; = 1.391) and ethoxy-nonafluorobutane
(Novec 7200 3M, p, = 1.420 x 10° kg m~3, n,, = 1.3014). Here, n denotes the refractive
index of the fluid. To match the refractive index, we first estimate the volume fraction of
the ith component, ¢;, according to the classic Newtons equation (Newton 1704; Kurtz Jr
& Ward 1936; Reis et al. 2010),

n}, = gin} + gan3, (2.3)

where n; is the refractive index for the ith component and nj, is for the mixture. We
measure the refractive indices of the continuous and dispersed phases, n. and ng, using a
commercial refractometer (GR30, Shanghai Zhuoguang Instrument Technology Co., Ltd.)
with a resolution of 0.0001 and an accuracy of £0.0002 at a temperature of 25 °C, which
is the temperature of the emulsion during the experiment. We then compare n, and ny and
carefully adjust ¢ > until n, = ny within the precision of the refractometer. It is important
to note that even the addition of 0.1 g of silicone oil or Novec 7200 to a 200 g mixture
of oil and Novec 7200 will alter its refractive index. Additionally, the densities of the two
phases must also be matched to eliminate the effect of centrifugal force (Yi et al. 2021). If
the densities are not matched, we have to adjust the target refractive index and repeat the
procedure described above until both refractive index matching and density matching are
satisfied. The volume fractions of each fluid for the continuous phase are ¢,, ~ 87.9 % and
¢g ~ 12.1 %, and those for the dispersed phase are ¢ ~ 65.9 % and ¢, ~ 34.1 %.

Consequently, the water—glycerol (W-G) mixture, as the continuous phase, has a
density of p. = 1.033 x 10% kg m~3, kinematic viscosity of v. = 1.26 x 107® m? s~! and
refractive index of n. = 1.3506. The silicon-oil-Novec (O—N) mixture, as the dispersed
phase, has pg =1.046 x 10> kgm™3, v;=1.15x 107% m?s~! and ng = 1.3506. The
interfacial tension of the two phases is calculated based on the equation proposed by
Girifalco & Good (1957) for solid-liquid systems, which is equally valid for liquid-liquid
systems (Lee 1993)

Y =ve+va—20(veva)'?, (2.4)

where ¥, (y4) is the surface tension of the continuous (dispersed) phase, and y is the
interfacial tension between the two phases. Here ¢ is the interfacial interaction parameter,
set to a value of 1. The values of y, =73.28 x 107> Nm~ and y; =15.73 x 107> Nm™!
are measured in air using the pendant drop method. The interfacial tension between
W-G and O-N is y =21.11 x 1073 Nm™'. In turbulent emulsions, dynamic pressure
and viscous stress deform and break up the droplets, while interfacial tension resists
deformation. The effect of dynamic pressure is measured by Weber number of the system
(Crialesi-Esposito et al. 2023b; Hori et al. 2023; Su et al. 2024a,b, 2025), defined

as Wegys = pcu%d/y, is Weyys =4. Here, u,; = 1/T/(ZJTrizL,oc) is the friction velocity.
The effect of viscous stress can be measured by the capillary number Ca =r1,/7), =

voc€' /2D /(yv!/?), where the average energy dissipation rate € is estimated from the
global torque € * 0.1T w; /(7 (rg — riz)ch) (Ezeta et al. 2018; Yi et al. 2022). In our study,
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the capillary number is approximately 0.01, which is much smaller than 1. Therefore,
viscous stress is not important in determining the droplet deformation and breakup.

2.3. Velocity measurement in the continuous phase

We employ a LDA (TSI) to measure velocity due to its high temporal and spatial
resolution. The LDA consists of two pairs of laser beams, with wavelengths of 561 nm and
532 nm, as shown in figure 1(e—g). We use the 561 nm and 532 nm laser beams to measure
the azimuthal and radial velocity components, denoted as ug and u,, respectively (see
figure 1(g)). The beam waist diameter and length of the measurement volume are around
260 pm and 3.2 mm, respectively. The physical size of the LDA measurement volume will
not affect the measured data and the details are discussed in Appendix B. The laser head
of the LDA is mounted on a high-precision platform, which can move independently in
the x, y and z directions. It consists of two parts: a vertical electric lifting table (Fly-opt,
PSTV50-S57) with a precision of 20 pm and a maximum stroke of 50 mm, and an x—y
electric horizontal displacement table (RedStarYang EPSB-150-B-G and EPSB-50-B-G)
with precisions of 20 pm and 10 pwm, and maximum strokes of 150 mm and 50 mm in the x
and y directions, respectively. This platform allows us to change the measurement location.
A 45° mirror is used to reflect the laser beam to pass through the TC system from below.
In this way, distortion of the laser beam due to the curved outer cylinder can be avoided
(Huisman et al. 2012b). The seeding particles used are polystyrene (Ruige Tech.) with
an average diameter of 5 um and a density of 1.05 x 10°> kg m~3. The surfaces of the
polystyrene particles are grafted with hydroxyl groups to make them hydrophilic. Thus,
the particles can only dissolve in the continuous phase, whose velocity information can be
measured by the LDA.

In LDA measurements, a slight mismatch in the refractive index or variation in
temperature from 25 °C can cause the data rate to drop sharply. Therefore, precisely
matching the refractive index and controlling the temperature are crucial. Temperature-
controlled water from a refrigerator is circulated between the outer cylinder and the cubic
tank. A PT100 thermocouple is used to measure the temperature of the emulsion, with its
variation from 25 °C remaining within 0.1 °C during the experiment. We also finely tune
the concentration of the seeding particles to ensure that the data rate of the LDA in both
single-phase and two-phase measurements is as close as possible.

The TC flow can be divided into two parts: the boundary layer near the inner and outer
cylinder where there exist high velocity gradient, and the bulk region where the flow is
nearly homogeneous and isotropic (Grossmann, Lohse & Sun 2016). Therefore, in our
experiments the velocity measurements are performed at two representative locations in
the radial direction: near the inner cylinder and at the middle gap. In the former case, the
dimensionless distance from the inner cylinder is given by 7= (r — r;)/(r, — r;) = 0.05,
and in terms of the viscous length scale, y* = (r — r;)/(8,) ~ 35 (Huisman et al. 2013b).

The viscous length &, is defined as §, =v./,/ T/ (27rrl.2ch). It is based on the properties

of continuous phase considering the minor differences between two phases. The torque T
used for §, estimation is taken from the single-phase case since the global drag is only
slightly enhanced. In the latter case, the dimensionless distance from the inner cylinder is
7=0.5. At the middle gap, both ug and u, are measured, while only uy can be obtained
near the inner cylinder due to the obstruction of the laser beam by the bottom end of the
inner cylinder. For each radial position, by adjusting the location of the laser head every
2mm, LDA measurements are taken at 10 different heights, separated by Al &~ 2.70 mm
due to the difference in refractive indices of air and the working fluid. The axial length
of one pair of Taylor vortices is around 2.1d (Zhang et al. 2025). Thus, velocity data at
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nine axial heights, spanning a length of / & 21.63 mm =~ 2.1d, are used with their centre
located at the middle height of the TC set-up. In this way the influence of secondary flow
can be minimised. For the LDA technique we use in this work, the total amount of data
points acquired once can be set in the software. Near the inner cylinder, a fixed amount of
data points of 5 x 107 is acquired since only ug is collected. While at the middle gap, the
total amount of data points for two velocity components is set to be 1 x 10°. The actual
number of data points for ug and u, is determined by the average sampling frequency, i.e.
data rate, while the total measurement time is the same. Higher sampling frequency in
one direction, more data points in that direction and fewer in the other. However, since
the data rates of two components are quite close, the number of data points in both
directions is approximately 5 x 10°. In this way, the velocity components ug and u, of the
continuous phase, which are functions of vertical position z and time ¢, can be obtained.
The details of preprocessing of velocity time series are introduced in Appendix B. Since
TC turbulence is statistically steady, the velocity components can be decomposed into the
mean and fluctuation parts. Taking ug as an example, ug = (ug); + u{g, where ( ); denotes
averaging over time. In TC turbulence, due to the presence of Taylor vortices, turbulence
statistics depend on the vertical position. We thus also perform an additional average in
the z direction, i.e. (ug); ;. The root mean squared (r.m.s.) fluctuation of uy is defined as

o (up) = (\/ (ug)e)z

To measure the droplet size, Oil Red O (MCE) is dissolved in the droplets to make them
visible. The illumination of the droplets is achieved through backlighting, and their images
are captured by a high-speed camera (Photron NOVA S12) equipped with a microlens.
Considering that the size of the droplets and the measurement window are much smaller
than the diameter of the outer cylinder, the distortion of the droplet image due to curvature
can be neglected (Yi et al. 2021). The average droplet size is computed from approximately
103 droplets. We conduct the diameter measurement at Re = 1.68 x 10* with a volume
fraction ¢ =1 % in the bulk region of TC flow. We use the symbol (D) to denote the
mean diameter, which is (D) & 700 pwm. Further discussions on the mean droplet size and
its radial dependence are included in Appendix A.

3. Results and discussion

The dimensionless torque of the inner cylinder defined in (2.2) for different O—N volume
fractions, ¢, and Reynolds number, Re, is depicted in figure 2. We also compare our results
with previous study (Yi et al. 2021), shown as dashed—dotted line in figure 2. It is found
that G increases with ¢ for a fixed Re, consistent with our previous studies (Yi ef al. 2021,
2022; Wang et al. 2022b). Note that the slope of G obtained in previous work is different
from the current one. This may be caused by the different interfacial tension, which would
influence the droplet size and its distribution. According to Su et al. (2024b), the interface
contribution to the drag is a function of interfacial tension and curvature of the droplet
interface. The increase of the global drag signifies that the turbulent flow is modified by
the presence of droplets, not only the global transportation but also the local flow statistics,
such as the mean velocity and r.m.s. velocity fluctuation. In the following, we reveal how
droplets modulate the drag and the turbulence of the continuous phase.

3.1. Modulation of continuous phase near the inner wall

We start with the turbulence statistics near the inner cylinder (¥ = 0.05, yJr = 35), where
only the azimuthal velocity is measured as depicted in figure 3(a). The average velocity
(ug)r,; as well as rm.s. fluctuation a(ué) with varying O-N volume fraction ¢ at two
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Figure 2. The dimensionless torque, G, is presented as a function of the volume fraction of the dispersed phase
for three different Reynolds numbers, Re. The datasets at Re = 1.68 x 10* and Re = 1.48 x 10* are measured
in this work, while the dataset at Re = 1.56 x 10% is from Yi ef al. (2021).
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Figure 3. (a) The schematic shows the LDA measurement positions near the inner cylinder, represented by the
blue triangles. Only the azimuthal velocity ug can be measured here due to the shielding of the laser beams
by the inner cylinder. Average velocity (b) and r.m.s. velocity fluctuation (c) of ug are presented with varying
volume fraction ¢ for two Reynolds numbers. Both (ug),; . and o (uj) are normalised by the velocity of the
inner cylinder.

different Reynolds numbers Re are shown in figure 3(b,c). Note that the error bars are
calculated based on the following steps: we first use bootstrap method to calculate the
mean value and error bar for a given quantity at one axial height; the mean values and error
bars are then averaged over one pair of Taylor vortices. Apparently, for uy near the inner
cylinder, both (up); ; and o (ug,) decrease with volume fraction. The percentage of decrease
for o (uy) can even reach up to approximately 20 %, indicating a strong suppression of the
turbulence intensity near the inner cylinder with the presence of droplets.

To provide further insight, we analyse the PDFs of ug at Re = 1.68 x 10* for different
volume fractions ¢, as depicted in figure 4(a). While the left-hand tails can be fitted
with a Gaussian distribution (see the dashed line in figure 4a), the right-hand tails are
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Figure 4. (a) The PDFs of the azimuthal velocity ug near the inner cylinder for varying volume fractions ¢
at Re = 1.68 x 10*. The black dashed line represents the Gaussian distribution fitted to the left-hand part of
the data. The contour plots of the instantaneous azimuthal velocity field uy for the single-phase case (b) and
the two-phase case with ¢ =20 % (c) at Re =0.52 x 10*. The solid lines in (c) indicate the interfaces of the
droplets. Results in (b) and (c) are from the numerical simulation (Su et al. 2024b).

non-Gaussian. The overall PDFs are positively skewed. With the presence of droplets,
the right-hand tails shrink as the volume fraction increases. In Rayleigh—-Bénard (RB)
turbulence, a nearly identical shape has been reported for the temperature PDF (Emran &
Schumacher 2008). This PDF is induced by a combination of bursting plumes detaching
from the thermal boundary layer and large-scale rolls (Castaing et al. 1989; Yakhot
1989; Procaccia et al. 1991). By using the TC-RB analogy (Eckhardt et al. 2007a), the
skewness of the PDFs is similarly induced by plumes of angular velocity, with higher
speeds dominating near the inner cylinder where herringbone-like patterns of streaks can
form (Dong 2007; Froitzheim et al. 2019). The left- and right-hand tails of the PDFs
are associated with low-speed and high-speed fluid, respectively. The high-speed fluid
experiences greater centrifugal force that cannot be balanced by the pressure gradient in
the radial direction. Consequently, it will be ejected from the velocity boundary layer, and
this fluid is referred to as a plume. Therefore, the shrinkage of the right-hand tails with the
increase in the volume fraction ¢ may indicate the suppression of angular velocity plumes.

To verify our conjecture, we show the contours of the azimuthal velocity from our
numerical simulation in figure 4. The simulation details of the turbulent emulsion in TC
flow can be found in our previous studies (Su et al. 2024a,b). For the two-phase case with
¢ =20 %, we also plot the interfaces of the droplets, shown as solid lines in figure 4(c).
In the single-phase case (figure 4b), the plumes prefer to eject from the outflow region
due to the presence of the Taylor vortex (Dong 2007). In the two-phase case (figure 4c¢),
the droplet interface acts as a wall, preventing the plumes from penetrating through the
interface. In this way, droplets block the ejection of plumes from the inner cylinder. This
process results in the shrinkage of the PDFs in their right-hand tails. As a result, both the
mean velocity and r.m.s. velocity fluctuation are reduced, as shown in figure 3(b,c).

When considering the global torque, it is directly related to the angular velocity flux
J,, which is conserved in the radial direction, by the relation J, = GvZ (Eckhardt et al.
2007a,b). Here J,, is defined as

Ja) = Jw,adv + Jw,dif + Ja),intv (31)
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where the three terms represent (Hori ef al. 2023):

(i) the advective contribution Jw,adv:r3(ura))t,z where w=up/r is the angular
velocity;
(ii) the diffusive contribution J,, 4;f = —r3vd, (@).z3
(iii) the interfacial contribution Jy, jn-

The interfacial contribution cannot be measured in experiment and we refer to our recent
work (Su et al. 2025) for more details. For single-phase laminar flow, the first and third
term vanishes due to u, =0, so only the second term contributes (Eckhardt et al. 2007b):

Jordam =2vrtr2w; | (r2 — r?). (3.2)

For two-phase flow, near the cylinder surface, the diffusive term plays a dominant role due
to the no-slip condition and high angular velocity gradient. Consequently, the first term
Jw,adv 1n (3.1) can be neglected, and the second term J,, ;¢ will dominate near the inner
cylinder (Wang, DeGroot & Floryan 2023; Su ef al. 2024a,b). The decrease of the mean
azimuthal velocity (ug),; ; in figure 3(b) implies that the magnitude of the wall-normal
velocity gradient 9, (w); , will be augmented for a fixed 7. Therefore, the angular velocity
flux J,, as well as the global torque G are enhanced.

3.2. Modulation of continuous phase at the middle gap

We then investigate the turbulence statistics at the middle gap, where both the azimuthal
velocity ug and radial velocity u, are measured (see figure 5a). The r.m.s. velocity
fluctuations o (u’g) and o (u).) are shown in figure 5(b,¢). The velocity fluctuations decrease
with the increase in volume fraction. Note that the small peak in figure 5(c) at ¢ =5 % is
within the error bar of our experimental measurement because u, is much smaller than ug
and therefore has a large uncertainty. In the bulk region of TC turbulence, the flow is close
to homogeneous and isotropic turbulence (Grossmann et al. 2016). The suppression of
velocity fluctuations by dispersed droplets has also been observed in numerical simulations
of homogeneous and isotropic turbulence (Dodd & Ferrante 2016; Mukherjee et al. 2019;
Crialesi-Esposito et al. 2022), where the suppression effect is attributed to the breakup of
droplets by the large-scale turbulent fluctuations. During the breakup process, the TKE is
transferred to the interfacial energy stored by the droplets.

At first glance, our results seem to be consistent with the numerical simulations of
homogeneous and isotropic turbulence (Dodd & Ferrante 2016; Mukherjee et al. 2019;
Crialesi-Esposito et al. 2022). However, this breakup mechanism cannot be applied to
the middle gap of the TC turbulence. In our previous study, we found that the droplets
cannot be fragmented by the turbulence fluctuations in the bulk region (Yi et al. 2022).
To provide further evidence for this conjecture, we estimate the local Weber number using
the measured velocity information. The local Weber number is defined as

2
We — lOL‘((SMD)t,z(D)’ (3.3)

14

where (SuZD),,Z is the average squared velocity increment over a distance equal to the

droplet mean diameter (D) (Risso & Fabre 1998). In our experiment, (&%)M can be
estimated as follows:

(Sud)r. = (Suj(t = (D)/{ug)r.2))r.z, (3.4)
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Figure 5. (@) A schematic shows the LDA measurement position at the midgap, represented by the red
diamonds. Both azimuthal velocity up and radial velocity u, can be measured here. The r.m.s. velocity
fluctuations for the azimuthal (b) and radial (c) velocities are shown with varying volume fraction ¢ for
two different Reynolds numbers. The PDFs of the normalised azimuthal (d) and radial (e) velocities are also
presented. The grey dashed lines correspond to the standard normal distribution.

where Sug(t) =ug(t + ) —up(t) is the velocity increment over a time interval t, and
T =(D)/{up); ; is the average time interval corresponding to the mean droplet diameter.
Here we have invoked the Taylor frozen hypothesis since the turbulence fluctuation is much
smaller than the mean velocity (Huisman et al. 2013a). Besides, (SuZD),,Z is calculated
from the single-phase case, considering that the droplet size is measured at a volume
fraction of ¢ = 1 %. The value of local Weber number We at the middle gap is Wep—_g 5 =~
0.17 < 1, suggesting that the turbulent fluctuation is not strong enough to break up the
droplets in the bulk region (Yi et al. 2022). At higher volume fractions, the Weber number
is Wej—g5~0.14,0.12 and 0.11 at ¢ =5 %, 10 % and 20 %, respectively, based on the
same mean droplet diameter. Thus, the suppression of fluctuation in the bulk cannot be
attributed to breakup-induced energy transfer. The suppression of the velocity fluctuation
in the bulk can be understood as follows. The frequent burst of plumes also transfers energy
from the inner cylinder to the bulk region. Since droplet interfaces block the emission of
velocity plumes, less energy is injected into the bulk region resulting in lower turbulent
fluctuations in both the azimuthal and radial directions.

We also include the PDFs of uy /o (uy) and u, /o (u;) in figure 5(d,e). Here u; and
u, are normalised by their r.m.s. velocity fluctuation. All PDFs are close to Gaussian
distribution represented by the dashed lines, in line with previous study (Froitzheim
et al. 2019). After normalisation, the PDFs collapse in their middle part. However, the
tails of PDFs tend to become fatter as the volume fraction ¢ increases, indicating that
turbulent emulsions are more intermittent than single-phase ones at large scales, i.e. the
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Figure 6. The PDFs of the velocity increment of azimuthal velocity component normalised by its mean and
standard deviation at the middle gap (a) and near the inner cylinder (c). Here, the time interval T = 9.82 x 104
sin (@) and T =1.09 x 1073 s in (c). The grey dashed lines refer to the standard normal distribution. Flatness
of velocity increment for several typical values of time interval with varying volume fraction at the middle gap
(b) and near the inner cylinder (d).

intermittency of velocity fluctuation is enhanced. This behaviour has also been reported
in droplet-laden homogeneous isotropic turbulence (Crialesi-Esposito et al. 2022). The
enhanced intermittency in the bulk region at large scales originates from the presence
of droplets. When the droplets deform and bounce back to the original spherical shape,
the continuous phase adjacent to the droplets will experience extreme events due to the
interfacial tension. This results in the intermittency enhancement at large scales at the
middle gap.

Small-scale intermittency can be probed using the velocity increment dug (7). The
normalised PDFs of dug, scaled by their mean and standard deviation, are plotted in
figure 6(a) for the smallest time interval, 7 =9.82 x 10™* s, obtained in our experiment.
The PDFs of Sug for a small T are non-Gaussian, indicating small-scale intermittency.
As the volume fraction increases, the tails of the PDFs become heavier than those
in the single-phase case. To quantify this, we calculate the flatness of Sug(r) and
(Sug(1))1,2/(8uf(1))7 ., for several values of 7, shown in figure 6(b). Taking the gap
width d as the integral length scale and the azimuthal velocity of inner cylinder as the
characteristic velocity, the corresponding integral time scale #; =d/rjw; ~4.7 x 1073 s,
at which the level of intermittency should be similar to what we reported in figure 5(d,e). In
general, the flatness of §ug () increases with the volume fraction of the dispersed phase for
7 ranging from the smallest value measured in our experiment to the twice integral time
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scale. Similarly, we present the PDFs of the normalised §uy and their flatness for data
measured near the inner cylinder in figure 6(c,d). Near the inner cylinder, the change in
the PDF tails becomes more pronounced compared with the bulk region. The flatness also
increases monotonically with the volume fraction. These results indicate that intermittency
across the entire range of scales resolved here is enhanced in both the near-wall and bulk
regions. We also note that the enhancement of intermittency is stronger in the near-wall
region than in the bulk.

Intermittency in multiphase turbulence has attracted growing interest in recent years,
driven by advancements in numerical simulations. Crialesi-Esposito et al. (2022, 2023a)
investigated the PDFs of velocity and velocity increments, 6u, between points conditioned
to be located in the same phase or different phases. They found that the leading
contribution to the increased deviation from Gaussian statistics at small scales comes
from velocity increments across phase interfaces. However, the PDFs of du/o (du)sp,
conditioned on points belonging to the continuous phase, remained nearly unchanged,
where o (6u)sp is the standard deviation of §u in the single-phase case. In our study, we
use o (§ug) from each respective case to normalise the velocity increment, as the flatness
measures deviations from o (§ug), not o (ug)sp. Crialesi-Esposito et al. (2024) further
showed that the breakup of large droplets and the rupture of ligaments generate high
vorticity and strain, which increases small-scale intermittency.

In light of these findings in homogeneous isotropic turbulence, we can interpret our
results in TC turbulence. In the bulk region where the flow is nearly homogeneous and
isotropic, the turbulence fluctuation is not strong enough to break up the droplets, as
we have previously shown. The increased intermittency originates from the presence of
interfaces as found by (Crialesi-Esposito et al. 2023a). Near the inner cylinder, droplets
can be fragmented by the higher levels of shear, i.e. the dynamic pressure induced by
the large mean velocity gradient (Levich 1962; Yi et al. 2022). We also note that the
velocity plumes are able to deform large droplets, as shown in figure 4(c). During this
process, the plume loses its energy in favour of the interface deformation. The large
droplet deformation should then lead to the formation of several small scale structures,
hence being responsible for the increase of intermittency. Therefore, the intermittency
enhancement near the inner cylinder originates from not only the presence of interfaces
but also the fragmentation and deformation of droplets. Consequently, additional
intermittency beyond the presence of interfaces can be observed near the inner cylinder.

As we mentioned before, the global torque is directly related to angular velocity flux J,,
defined in (3.1). At the middle gap, the second term could be neglected due to the fact that
the angular velocity gradient is small throughout the bulk region (Dong 2007; Froitzheim
et al. 2019; Su et al. 2024b). In TC flow, the turbulence is a combination of turbulent
Taylor vortices and background fluctuations. Thus, the first term Jy, g4y = r3(urw) t,z can
be further decomposed into two parts (Brauckmann & Eckhardt 2013):

P o) =r3 () o)), +ri o), ;. (3.5)

These two terms are contributed by mean Taylor vortices and the turbulent fluctuation
motion and can be denoted by their dimensionless forms, NuM = r3((u,),(w),)z/Jw,1am
and Nu? =r3(u,'); 2/ Jw 1am = 1> (uyul.)s 2/ oo 1am, respectively.

We first study the effect of droplets on the Taylor vortices. We plot in figure 7(a) the axial
profiles of the radial velocity for different volume fractions from ¢ =0 % to ¢ =20 % at
Re =1.68 x 10* and the average azimuthal velocity with varying ¢ at two different Re

in figure 7(b). These u, profiles approximately overlap with each other. For (up); ., it
also remains nearly unchanged at various ¢ explored in our experiment, implying that
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Figure 7. (a) Axial profiles of the mean radial velocity, normalised by the inner cylinder velocity, (u,);/(wiri),
for different volume fractions from ¢ =0% to ¢ =20 % at Re = 1.68 x 10*. (b) Mean azimuthal velocity,
normalised by the inner cylinder velocity, (ug):,;/(w;r;), with varying volume fraction ¢ for two Reynolds
numbers.

the existence of droplets would not change the mean flow dramatically, at least in the
present parameter range. In all, the angular velocity flux and global torque contributed
by the Taylor vortices in the bulk region remain almost unchanged as the droplets have a
marginal effect on them.

We then explore the turbulence contribution to the angular velocity flux and plot PDFs
of dimensionless angular velocity flux rzu’eu’r /Jw.1am 1n figure 8(a). Note that when
calculating the production of uy and u), the series of velocity component with higher
data rate is interpolated based on the other one with lower data rate. The PDFs are all
positively skewed since the momentum has to be transported to the outer cylinder, which
is consistent with previous studies (Huisman et al. 2012a; Brauckmann & Eckhardt 2013;
Froitzheim et al. 2019). Furthermore, they are highly non-Gaussian, which is reflected by
the observation that the local flux rzugu’r taking values +400 times as large as J,, jqm still
has a high probability of occurrence (Huisman et al. 2012a; Froitzheim et al. 2019). These
large rare events are found to be footprints of angular velocity flux fluctuations induced
by plumes, similar behaviours are also reported in RB turbulence (Shang et al. 2003).
With the presence of droplets, both tails of the PDFs shrink as ¢ increases, implying that
the large rare events are suppressed. The reduced probability of rare angular velocity flux
events is an additional sign that the droplet interfaces can block the emission of angular
velocity plumes near the inner cylinder, providing further evidence to our conclusion made
in §3.1. We also note that these large rare events make the measurement of Nu’ quite
challenging as already reported in Huisman et al. (2012a) and Froitzheim, Merbold &
Egbers (2017), which results in uncertainty in Nu” .

Since the droplets inhibit the turbulent fluctuations of both the azimuthal and radial
velocity (the percentage of depression is up to 15 % for o (up) at ¢ =20 %), we would
expect that the angular velocity flux contributed from the turbulence would be suppressed
accordingly, i.e. the overall profiles of PDFs for two-phase cases would be shifted
horizontally. However, the decreasing tendency of Nu is not observed in our experiment.
Instead, Nu” fluctuates around a constant within the experimental uncertainties (see the
inset of figure 8a). Thus, the angular velocity flux and global torque contributed by the
turbulent flow in the bulk region also remain almost unchanged.
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Figure 8. (a) The PDFs of dimensionless angular velocity flux normalised by the corresponding laminar

angular velocity flux, i.e. rzu(’9 u). /(Jo,1am)- Inset: average angular velocity flux contributed by the turbulent flow

NuT normalised by (N uT)¢, which is the average Nusselt number over all volume fractions. Data are from
Re =1.68 x 10*. (b) The cross-correlation coefficients between ”,9 and u). as a function of volume fraction

normalised by the single-phase case at Re = 1.68 x 10* (diamond mark) measured in our experiment and at
Re =0.52 x 10* obtained from the numerical simulation (circle mark) (Su et al. 2024a).

Taken together, we show that the advective contributions to global torque by the mean
flow and turbulence fluctuations remain nearly unmodified in the bulk region. We therefore
conclude that the drag enhancement presumably originates from the effect of two-phase
interfaces, which cannot be quantified in the experiment but has already been investigated
in our previous simulation work (Su et al. 2024a,b).

From the inset of figure 8(a), we found that Nu” /(N uT)¢ fluctuates around 1, and does
not show a ¢ dependence. To investigate the reason of nearly constant Nu”, we make a
further conversion of the second term in (3.5),

P upe) =r(upug) . =r’o (uy)o @) (Copu )tz (3.6)

where (Cuéu;),,z refers to the cross-correlation coefficient between the azimuthal and
radial velocity, which is defined as

_ (”é”;)z,z
o (up)o(u)

The concept of cross-correlation has been widely adopted in the single-phase TC
turbulence (Burin, Schartman & Ji 2010; Brauckmann, Salewski & Eckhardt 2016;
Huisman et al. 2012a). Equation (3.6) indicates that only the correlated fluctuations of
uyy and u, contribute to the net convective transportation. Therefore, the cross-correlation
coefficient is calculated for varying ¢ and averaged over different heights, being illustrated
in figure 8(b), where we also include the results from our numerical simulation. For
the two-phase case, <Cu’9u;>t,z exhibits clear and monotonic enhancement behaviours
with the increase of ¢. The enhancement of (Cuéu;_),,z is more than 30 % at ¢ =20 %,
indicating that the turbulent emulsion becomes more coherent than the single-phase flow
due to the presence of droplets. Here (Cu/e u, )i,z from the numerical simulation also
displays an enhancement but to a lesser degree, which may be related to the different
Reynolds number in the experiments and numerical simulation. Thus, the nearly constant
of Nu” can be attributed to the enhanced coherence. Since the turbulence becomes more
intermittent as discussed above and the breakup and coalescence events of droplets are
found to create disturbances on coherent structures (Dodd & Ferrante 2016; Perlekar 2019;
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Figure 9. (a) Velocity power spectra P(f) for the azimuthal velocity uy near the inner cylinder (solid line)
and at the middle gap (dash—dotted line). The thin dashed line with a slope of —5/3 represents the inertial
range scaling exponent at high Reynolds numbers. (b) Here P(f) for the two-phase cases is scaled by its
single-phase counterpart, i.e. P(f)/Py—0%(f). The vertical grey solid and dash—dotted lines refer to the
characteristic frequencies corresponding to the gap width, (ug); ;/d, near the inner cylinder and at the middle
gap, respectively. The vertical grey dashed line denotes the frequency, (ug);,;/ (D), corresponding to the mean
droplet difmeter at the middle gap, where we conduct the droplet size measurement. Data are from Re =
1.68 x 10%.

Crialesi-Esposito ef al. 2022), we are surprised to observe that the turbulence coherence
is enhanced by the dispersed droplets. In the case of turbulent emulsion, the continuous
phase is surrounded by dispersed droplets. The continuous phase fluid thus cannot evolve
freely like it could do in the single-phase case due to the confinement of the surrounding
droplets. This conjecture needs to be tested in future studies.

3.3. Velocity power spectrum

As we have discussed, the turbulence fluctuation is suppressed by the presence of droplets
near the inner cylinder and at the middle gap. It is known that turbulence implies fluid
motion across a wide spectrum of length and time scales (Pope 2000). Thus, it is also
instructive to investigate the effect of droplets on the multiscale nature of turbulence. This
can be accomplished by inspecting the velocity power spectra of the azimuthal velocity
fluctuation ufg. Because the arrival times of LDA measurements are stochastic in nature,
the time series are then linearly interpolated using twice the average acquisition frequency
(Huisman et al. 2013a), aiming to create a time series with equal temporal spacing,
which facilitates the application of fast Fourier transformation. The power spectra near
the inner cylinder, as well as at the middle gap for different volume fractions, are shown
in figure 9(a). We also illustrate two characteristic frequencies, namely the frequency
corresponding to the gap width (ug), ;/d near the inner cylinder (vertical solid line) and at
the middle gap (dashed—dotted line), and the frequency corresponding to the mean droplet
diameter (ug), ./(D) (vertical dashed line). Due to measurement limitations, frequencies
higher than (ug); /(D) cannot be resolved in this study. The inertial range scaling is
expected to appear in the range of frequencies f > (ug); . /d. In the bulk, we also use the
Taylor scale-based Reynolds number to measure turbulence intensity, which is defined as

Ri— o (up)A _ 150 (ué))“e’ (3.8)

Ve Ve
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where the average energy dissipation rate € is estimated by the global torque
€=0.1Tw;/((r2 —r})Lp.) (Ezeta et al. 2018; Yi et al. 2022). At Re =1.68 x 10*,
R, ~70. The R, is too low to observe a clear inertial range scaling. Nevertheless, we
show the —5/3 scaling (thin dashed line) in figure 9(a) as a reference.

Firstly, the amplitude of the velocity power spectra obtained near the inner cylinder is
much higher than that at the middle gap, indicating that the turbulence near the inner
cylinder is substantially stronger than at the middle gap. This finding was also captured
by Dong (2007), which shows an uneven distribution and asymmetry in the intensity
of turbulent fluctuations caused by the curvature effect. When comparing the single-
phase and two-phase cases near the inner cylinder, it seems that at very large scales the
kinetic energy increases for the ¢ =5 % case. However, the deviation of the ¢ =5 %
case from 1 is less than 3 % which could be seen from figure 9(b). This deviation is
small and within the experimental uncertainty. Therefore, it can be concluded that the
energy content of turbulent fluctuations at all scales resolved in our experiment is strongly
depressed, especially at scales smaller than d, i.e. frequencies higher than (ug), ;/d.
This result is consistent with previous simulation works (Perlekar et al. 2014; Dodd &
Ferrante 2016; Mukherjee et al. 2019; Rosti et al. 2019; Crialesi-Esposito et al. 2022,
2023a; Trefftz-Posada & Ferrante 2023). Even though these simulations studied different
kinds of turbulent flows, such as homogeneous isotropic turbulence (Perlekar et al. 2014;
Dodd & Ferrante 2016; Mukherjee et al. 2019; Crialesi-Esposito et al. 2022, 2023b) and
homogeneous shear turbulence (Rosti et al. 2019; Trefftz-Posada & Ferrante 2023), energy
spectrum suppression at scales larger than the average droplet diameter is consistently
observed. Moreover, as the number of droplets increases, the degree of suppression on
turbulence fluctuations also rises.

Regarding the mechanism, one widely accepted hypothesis is as follows: in Newtonian
turbulence, the nonlinear energy flux of the fluid is the only energy transfer mechanism.
In turbulent emulsions, droplets provide an additional mechanism of energy transfer due
to the frequent breakup and deformation of the droplets; the TKE can be transferred from
the fluid to the interfacial energy stored by the droplets (Perlekar 2019; Crialesi-Esposito
et al. 2022). The higher the volume fraction, the greater the likelihood of deformation and
breakup events, resulting in a higher degree of suppression of TKE at scales larger than the
mean droplet size. This hypothesis offers a reasonable explanation for the energy spectrum
suppression near the inner cylinder, while at the middle gap, the suppression results from
reduced ejection of plumes near the inner cylinder, leading to less energy being transported
into the bulk region. The simulation results also indicate that the spectrum at scales smaller
than the mean droplet diameter is greatly enhanced, presumably due to the coalescence of
small droplets, which feeds the interfacial energy back into the fluid. The increased energy
content at scales smaller than the mean droplet diameter needs to be verified in future
studies.

To compare the effects of droplets on the spectrum near the inner cylinder and at the
middle gap, the spectrum of the two-phase case is scaled by its single-phase counterpart,
ie. P(f)/Pp=0%(f), as shown in figure 9(b). It is clear that the suppression effect
becomes stronger as the frequency increases (or the scale decreases). The faster decay
of P(f) when f > (up); . /d suggests that the scaling of the spectrum is modified, as also
reported in Perlekar e al. (2014). We note that the roll-up of P(f)/Py—0%(f) at high
frequency is due to instrument noise (Huisman et al. 2013a), which is also reflected in the
levelling-off of P(f) in figure 9(a).

At low volume fractions (¢ =5% and 10 %), the P(f)/Pp=0%(f) curves nearly
collapse near the inner cylinder and at the middle gap, indicating that the suppression
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effect is similar at these two positions. At a higher volume fraction (¢ =20 %), the
suppression effect is stronger near the inner cylinder than at the middle gap for frequencies
higher than (up); ;/d (scales smaller than the gap width d). One possible explanation is
that, at high volume fractions, the droplets have a higher probability of merging with each
other, which in turn releases the interfacial energy back to the fluid at the middle gap since
the droplets are less likely to break apart there.

4. Conclusion

In this work, we experimentally investigate how the dispersed droplets modulate the
global drag and the statistical properties of turbulence velocity fluctuations in the
continuous phase of a turbulent emulsion. The emulsion is generated in a turbulent TC
flow. We precisely match the refractive indices of the dispersed and continuous phases,
which facilitates our measurement of the local velocity of the continuous phase for
volume fractions of up to 20 %. Due to the inhomogeneity of the TC flow, the velocity
measurements are performed at two representative radial locations: near the inner cylinder
and at the middle gap.

Near the inner cylinder, the droplet interfaces can suppress the emission of angular
velocity plumes from the boundary layer, resulting in a reduction in both the mean
azimuthal velocity and the r.m.s. fluctuation of azimuthal velocity. This reduction in
the mean azimuthal velocity leads to a higher gradient of angular velocity in the radial
direction, thus increasing the viscous diffusion contribution to the angular velocity flux
and global drag of the system. By comparing the velocity power spectrum, we find that
the energy content at scales above the average droplet diameter is depressed, which results
from the reduced emission of plumes and breakup-induced energy transfer from the fluid
to the interfacial energy of the droplets.

At the middle gap, the angular velocity flux contributed by the mean Taylor vortex,
Nu™  and the turbulence, Nu” , are nearly unaltered by the droplets. The droplets enhance
the cross-correlation between the angular and radial velocity, which compensates for the
reduction in velocity fluctuation, leaving N ul unchanged. However, the rare events of
angular velocity flux contributed by the turbulent flow are less frequent due to the reduced
plume emission. We further show that the intermittency of velocity increments is enhanced
due to the presence of interfaces. A similar behaviour is observed near the inner cylinder,
but the degree of enhancement is higher at small scales, which may be related to the
breakup-induced generation of high vorticity and strain.

In this study, we present the first attempt to gather velocity information in a wall-
bounded turbulent emulsion. Our study provides valuable experimental insights into
how the dispersed droplets modulate global drag, coherent structures and the multiscale
nature of the turbulent flow. In future work, we aim to further improve the measurement
techniques to simultaneously capture the velocities of both the continuous and dispersed
phases in dense turbulent emulsions, studying the detailed coupling dynamics of the two
phases.
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Figure 10. (a) Typical snapshot of the droplets at ¢ = 1 % recorded with a high-speed camera connected with a
long-distance microscope. (b) The PDF of the normalised droplet size at ¢ = 1 %. The grey solid line represents
the log-normal distribution (Yi et al. 2021).

Appendix A. The measurement of droplet size

The droplet size is measured at Re = 1.68 x 10* with a volume fraction ¢ = 1 % in the
bulk region of TC flow and the average droplet size is (D) &~ 700 pwm. The typical snapshot
of droplets and the droplet size distribution are shown in figures 10(a) and 10(b). We
also show the log-normal distribution reported by Yi et al. (2021). Our experimental
data is consistent with previous study. To obtain the droplet size distribution, one needs
a large amount of data. At volume fraction of ¢ >5 %, the interfaces overlap with
each other on the captured image, and it is difficult to collect enough data to yield a
converged distribution. The detailed droplet size distribution may change at different
volume fractions, and this remains an open question to be answered in future study. In
this work, we use (D) ~ 700 wm to represent the mean diameter size in the bulk region at
all volume fractions from ¢ =5 % to ¢ = 20 %.

As reported in our previous study (Yi et al. 2022), the mean droplet diameter remains
nearly constant when the volume fraction of dispersed phase is less than 50 %, which is
related to the presence of unavoidable surface-active impurities in the solution suppressing
droplet merging. In our previous work (Yi et al. 2022) and this study, we use the same flow
configuration, and the density and viscosity between the continuous and dispersed phases
are nearly matched. The only difference comes from the surface tension: y &~ 21.1 and 5.5
mNm™! in this study and previous work, respectively. The value of y will not change the
physical mechanism of droplet breakup and coalescence in TC turbulence. Therefore, it
is reasonable to use (D) ~ 700 pwm to represent the average droplet size at higher volume
fractions, which is 0 % — 20 % in this study.

Regarding the radial dependence of droplet size, the TC system can be divided into two
parts: the boundary layer near the inner and outer cylinder, the bulk where the flow is nearly
homogeneous and isotropic. We would expect smaller droplet size near the boundary layer
due to the high shear of the mean velocity (Yi et al. 2022), and a nearly constant droplet
size in the bulk. However, as the boundary layer thickness is small, it is difficult to measure
the droplet size near the inner cylinder (Yi et al. 2021).

The radial distribution of droplet number has been investigated by Wang et al. (2022a,b).
At low Reynolds number, there will be a clustering behaviour near the inner cylinder at
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Figure 11. The PDFs of times series of uy (a) near the inner cylinder and (b) at the middle gap using several
different thresholds of three, five, seven and nine times the r.m.s. (¢) The corresponding flatness values for each
cases. Inset: the zoom-in of the main part of the PDFs.

the region where the plumes of angular velocity are injected. However, at higher Reynolds
number Re = 1.3 x 10* which is still lower than the present study, the spatial distribution
becomes nearly uniform in the bulk region due to the high turbulence fluctuation. For our
case with higher Reynolds number (Re = 1.48 ~ 1.68 x 10*), we would expect that the
droplets distribution over the radial direction is nearly uniform.

Appendix B. Data processing of velocity time series

Regarding the LDA data quality, noise, including stochastic noise from the photodetector
and electronics as well as the reflection from the experimental set-up, cannot be avoided in
the experiment. The following ways were tried to improve the data quality throughout the
experiment procedure. First, we set a proper velocity range for each LDA signal channel
by properly tuning the frequency shift of the Bragg cell. Second, the inner cylinder is
anodised to form a black oxidation layer and the upper cover of the set-up is made of black
acrylonitrile butadiene styrene. The black inner cylinder and upper cover can alleviate
laser reflection from solid surface as mentioned in § 2.1. Third, for each LDA data series,
we used seven times the r.m.s. value of raw data to filter out the outlier data. The amount
of outlier data is less than 1 %co.

The range of +7 times the r.m.s. value was selected to eliminate outlier data without
severely changing the shape of the PDF as well as the values of flatness. Taking uy at a
certain height at ¢ = 20 % as an example, the PDFs and the values of flatness using several
different thresholds of three, five, seven and nine times the r.m.s. are shown in figure 11.
It reveals outliers (lower right) in the normalised velocity PDFs of ug throughout both
the near-wall and middle regions, which are identified as non-physical artefacts requiring
exclusion. The insets in figure 11(a—b) demonstrate the filtering performance at different
r.m.s. multiplier thresholds: while thresholds of three and five induce artificial truncation
of the PDFs tails, values of seven and nine exhibit excellent fidelity in preserving
the intrinsic flow characteristics while effectively eliminating outlier contamination.
Furthermore, flatness analysis reveals a saturation trend with increasing r.m.s. multipliers:
the flatness values for seven and nine become statistically indistinguishable (evidenced
by marker overlap in the plot). The discrepancy between raw and processed data flatness
originates from the aforementioned invalid outliers. We therefore conclude that the choice
of seven times the r.m.s. value provides the best cutoff without affecting the shape of PDF
profiles. In our study, the 7o threshold yields data exclusion rate smaller than 1 %oco. While
a 1 %00 exclusion rate would typically correspond to a 4o cutoff in a standard Gaussian
distribution, the velocity fluctuations in turbulent flows exhibit deviations from Gaussian
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statistics due to intermittency. This intermittency leads to elevated tails in PDFs, causing
the higher rate of outlier data than a Gaussian distribution.

For LDA measurements, the spatial integration of signals due to the finite size of
the measurement volume affects turbulence measurements particularly at the near-wall
region (Durst, Jovanovi¢ & Sender 1995). Following their method, the estimations of the
magnitude of corrections on (ug) and cr(ufg)2 are shown below. We denote the relative
correction to be

d?> [ d’uy

Atug)s o/ Wo)r. = 35 (—dy”z”‘e) /{uo)sz (B1)
d? (dug e \*

Aa(u;)Z/U(“/e)ZZE( dy””) Jo (up)?, (B2)

if we take the first term of Taylor expansion (Durst et al. 1995). It can be found that the
relative corrections depend only on streamwise velocity gradient at the measurement point.

In the single-phase case, the boundary layer velocity profile obtained by Zhang et al.
is employed for estimation of the correction. Based on figure 13 in Zhang et al. (2025),
the azimuthal velocity profiles in the log layer could be approximately described by u('; =

1/k Iny™ + B at Re =1.68 x 10° and y* =35+9, where u} = (wir; — (ug)r,;)/ur =
(wir; — (ug)r.z)/ T/(ancrl?L), yt = (r —r;)/8, and k ~ 1 here (estimated from figure

13b in Zhang et al. (2025)). Therefore, d’ug ;rue/dy? =u;/y* and (dug irue/dy)> =
(uz/y)%. Then we have

Ay, ./ (o) = _dur ~6.75 x 1074, (B3)
T 32y (up)s

A / 2—ﬂfwm 1073 B4

G(M/Q)Z/G(MQ) - 16y20(u/9)2 T T X : (B4)

We find that the correction to (ug); ; is smaller than the correction to a(ué)z, and both
corrections are less than 1 %. This small correction is consistent with previous study
(Durst et al. 1995). Durst et al. (1995) reported that the correction is necessary in the
viscous sublayer due to the large velocity gradient, while the correction in the log layer is
negligible.

For the two-phase cases at different volume fraction, the mean streamwise velocity
profile is not known a priori. Roccon et al. (2017) have done numerical simulations in
wall-bounded turbulent emulsions with volume fraction ¢ = 18.6 %. They found that the
mean streamwise velocity of the two-phase flow shifts slightly upwards with its slope
(1/k) in the log layer nearly unchanged. Therefore, we can still use (B3) and (B4) to
calculate the relative corrections. For the two-phase case at the maximum volume fraction
(¢ =20 %), Ag%)z/a (ug)2 ~7.37 x 1073, which is still less than 1 %. Consequently,
these data acquired is reliable and the effects induced by the finite measurement volume
can be considered negligible.

To investigate the effect of droplets on the measured LDA temporal signal, we calculate
the PDFs of the time interval, A,;, between neighbour velocity data, which is shown
in figure 12. The horizontal axis is scaled by the average time interval, i.e. (A;). We
note that (A;) in the single-phase and two-phase cases are nearly the same and the
average data rate is 1/(A;). The vertical dashed line denotes the average passing time
of one droplet (D)/(ug); ;. In our experiment, (A;) > (D)/(ug); ;. It can be found that
the PDFs are almost collapsed on the top of each other. Thus, the effect of droplets
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Figure 12. The PDFs of the time intervals between two neighbour velocity data points. Here, we use ug
measured near the inner cylinder as an example. The vertical dashed line corresponds to the average droplet
passing time, i.e. (D)/(ug)s ;-

on the measured temporal signal, if it is present, is only marginal for the current study.
One possible explanation for this observation is that (A;) > (D) /(ug);,; and the average
spacing between neighbour droplets is larger than (A;){ug); ; due to the ‘low’ volume
fraction. We therefore conclude that the influence of droplets on time series of velocity is
negligible.
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