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The drop breakup in a heterogeneous turbulent pipe flow developing downstream of an
orifice is reported. A two-phase flow is considered of n-heptane drops in a water—glycerin
solution at three distinct volume concentrations: &, = 0 (single-phase flow), 0.1, and 0.2.
The maximum pressure drop across the orifice, AP,,,., is found to be a linear function of
the kinetic energy of the mixture that weakly depends on ¢,. The continuous-phase veloc-
ity field is measured by means of high-speed particle image velocimetry in an optically ho-
mogeneous medium. The turbulence energy level and its spatial distribution are strongly
influenced by both the continuous-phase viscosity and the presence of the dispersed phase.
Drop breakup is driven by an inertial mechanism and is observed where the turbulence is
the most intense. The breakup probability, the mean number of fragments, and the daugh-
ter-drop Sauter diameter are plotted against the global Weber number based on AP,,,,.
For concentrations up to 0.1, breakup statistics are close to those obtained with an iso-
lated drop in a single-phase flow of water. For ¢y = 0.2, the increase of breakup proba-
bility with the Weber number becomes weaker because of the volume reduction of the
region of intense turbulence. The evolution of breakup probability with the distance from
the orifice indeed shows strong differences between the test cases, arising from modifica-
tions in the local structure of the heterogeneous turbulence field. © 2006 American Institute
of Chemical Engineers AIChE J, 53: 5668, 2007
Keywords: drop breakup, two-phase dispersed flow, heterogeneous turbulence, breakup
probability
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Introduction

Despite the large number of applications concerned, breakup
of drops in liquid-liquid dispersions remains an open problem
that requires considerable efforts to collect accurate data and
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propose relevant models. In many practical situations (stirred
vessels, columns, or pipe flows) the dispersed flow is turbulent,
spatially heterogeneous, and involves a concentrated dispersed
phase. In these complex situations, experimental studies are often
limited to global approaches, that is, which do not consider the
micro-hydrodynamics at the scale of the drop. As a consequence,
the proposed scaling laws are valid only for the particular flow
generated in the device under consideration. It is therefore neces-
sary to combine the local analysis of both the flow structure and
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breakup mechanism to derive models with a significantly broad
range of validity." For concentrated dispersions, the complexity
of the problem is further increased as a consequence of the
hydrodynamic interactions between the carrier flow and the
drops, even in the absence of coalescence or polydispersity.

Most of the investigations of the role of the concentration on
the breakup of drops were carried out in stirred vessels. For a
given impeller rotation speed, increasing the dispersed phase
concentration generally leads to the formation of larger drops.zf4
Correlations for the mean diameter based on the Hinze—
Kolmogorov theory were derived in the limit of dilute disper-
sions, some of them accounting for the viscous dissipation inside
the drop during the breakage process.” The mean diameter was
modeled with increasing power laws of the concentration.®™® The
effect of the turbulence modulation by the dispersed phase was
considered by Kumar et al.” for systems with a low coalescence
rate and concentration < 0.4. For ¢ > 0.5, these authors observed
a decrease of the drop diameter, a phenomenon they attributed to
the predominance of a capillary breakup mechanism induced by
the elongational flow in between the impeller blades. However,
because of the lack of experimental data on the local flow field in
concentrated systems, this interpretation is not demonstrated and
the effect of the dispersed phase concentration on the resulting
drop size is not yet elucidated. More recently, an experimental
study considering concentrations up to 0.6 showed that the classi-
cal 5/3 power law relating the Weber number to the drop size
was not verified in concentrated dispersions, the exponent being
found to become a decreasing function of ¢.'” At high concentra-
tions, a better knowledge of the effect of the dispersed-phase con-
centration on the turbulent flow surrounding the drops is therefore
necessary.

Highly concentrated dispersions are commonly encountered
in oil recovery processes, which involve the transport of water-
in-oil emulsions in pipes under turbulent flow conditions. The
knowledge of the drop size distribution within the dispersion is
an important issue with respect to the ultimate phase separa-
tion. The various breakup events occurring in the duct need to
be modeled, especially at the crossing of singularities (pipe
restrictions or enlargement, elbows), which are generally asso-
ciated with high rates of energy dissipation. In a previous
study,'' we investigated the fragmentation of an isolated drop
of n-heptane downstream of a concentric orifice in a vertical
pipe flow of water. In the range of Reynolds numbers and
restriction ratios investigated, the breakup probability, the
mean number of fragments, and the resulting drop size distribu-
tion were found to be controlled by a unique dimensionless
group, the global Weber number:

We = ——— (@9

where AP, is the maximum pressure drop across the orifice, d
is the initial drop diameter, and o is the interfacial tension. In
particular, the breakup probability was found to be a monotonic
increasing function of We. The present work addresses the role
of the dispersed-phase concentration. In the same experimental
setup, the breakup process in a concentrated dispersion of n-
heptane drops in a water—glycerin solution is now studied. To
analyze the breakup mechanism, a detailed description of the
velocity field of the carrier fluid is provided and the breakup sta-
tistics in concentrated dispersions are compared with those
obtained with an isolated drop in two single-phase flows of dif-
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ferent continuous-phase viscosities. By this way, one can expect
to disentangle the effect of concentration from that of the vis-
cosity of the two-phase mixture.

The article is structured as follows: the experimental setup,
characteristics of the test cases, and measurement techniques
are presented in section 2. Section 3 presents the local meas-
urements of the velocity field downstream of the orifice for
two single-phase flows of different viscosities and for two
two-phase flows of concentrations ¢; = 0.1 and 0.2. The
measurements are obtained by means of high-speed particle
image velocimetry (PIV), the two-phase mixture being made
transparent as the result of optical index matching of the con-
tinuous and dispersed phases. In section 4, the motion, defor-
mation, and breakup of individual colored drops are obtained
by means of high-speed video. The probability of breakup, the
mean number of fragments, and the daughter-drop mean diam-
eter are presented for both single- and two-phase flow configu-
rations. In section 5, the roles of the continuous-phase viscos-
ity and that of the mixture concentration on breakup mecha-
nism are analyzed, based on the knowledge of breakup
statistics and local hydrodynamics. Main results of this study
are summarized in the last section.

Experimental Setup and Instrumentation
The liquid-liquid flow loop

The flow loop used in this study (Figure 1) was described
in detail in Galinat et al."! It consists of a 1-m high vertical
Altuglas™ pipe (Altuglas International, Philadelphia, PA) of
internal diameter D = 30 mm, equipped with a circular con-
centric orifice. At the duct bottom, the continuous phase is fed
by a stainless steel convergent section. For the study of iso-
lated drops, a capillary tube with an inner diameter of 0.6 mm
is mounted perpendicularly to the duct wall. Heptane drops with
a diameter d ranging between 1.5 and 3 mm are injected by an
electric syringe pump. For two-phase flow configurations, a nar-
row size distribution population of n-heptane drops is intro-
duced cocurrently in the carrier fluid. The dispersed-phase dis-
tributor consists of 73 calibrated stainless steel tubes of 1-mm
internal diameter mounted inside the convergent section. Figure 2
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Figure 1. Experimental setup.
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Figure 2. Injection of n-heptane drops in upward water
flow at the duct bottom.

illustrates the injection of n-heptane drops in tap water for a
continuous (resp. dispersed) phase flow rate Q. = 330 L/h
(resp. Q4 = 36 L/h). Changing either the nature of the continu-
ous phase or the flow rate causes the drop diameter to vary from
2 to 3 mm. Because of the monodispersity and the spatial homo-
geneity of the dispersed phase inside the column, coalescence
was never observed upstream to the orifice. The dispersion then
flows through a 5-mm thick orifice, which can be easily
changed to vary the diameter D,, of the restriction. At the pipe
outlet, the liquid-liquid dispersion is continuously separated in
a 35-L gravity settler and sent back to the inlet of the column
by centrifugal pumps. A heat exchanger controls the tempera-
ture of the dispersion in the pipe with an accuracy of 0.1°C.

Two identical transparent test columns made of polymethyl-
methacrylate (PMMA) were used in this study. The first, dedi-
cated to the measurement of the pressure drop, is equipped
with pressure taps on both sides of the orifice connected to a
differential pressure transducer. The test section of the second
column, dedicated to the measurements by means of high-
speed video and PIV, is surrounded by a transparent square
box filled with water to reduce optical distortions.

Fluid properties and flow parameters

The physical properties of the fluids are given in Table 1.
Concerning breakup, the original results of the present work
are all obtained with drops of n-heptane (purity 96%) dis-
persed in an aqueous solution of glycerin (43% in mass). This
system, denoted C, allows us to match the refractive index of
the aqueous phase to that of n-heptane (np = 1.386 at 29°C)
and therefore to investigate highly concentrated dispersions as
well as single-phase flows. On the other hand, statistics of

and B) are issued from Galinat et al.'' and are recalled here
for the purpose of comparison. The addition of glycerin makes
the viscosity of the continuous phase of system C about six-
fold greater than that of water (systems A and B). Adding red
Sudan IV to color the drop decreases the interfacial tension
from 47 mN/m for system A down to 24 mN/m for system B.
However, it leads to approximately matching the interfacial
tension of system B with that of system C.

The operating conditions for breakup experiments of iso-
lated drops in single-phase flow with system C are reported in
Table 2. Except for the highest flow rate, the flow regime is
laminar upstream of the orifice. Two values of the restriction
ratio, § = D,/D = 1/2 and 2/3, and six different flow rates are
considered. The flow rate may be characterized by either the
bulk velocity in the pipe (U) or through the restriction (U,).
For each f3, the same range of orifice velocity 0.4 < U, < 0.9
m/s was explored, in which the lowest range of maximum
pressure drop was observed with § = 2/3.

The operating conditions of breakup experiments with a col-
ored drop in a concentrated dispersion are listed in Table 3.
The concentration of the dispersed phase is characterized by
the flow rate ratio upstream of the orifice, defined as follows:

Qu
= — 2
¢d Qd+Qc ( )

Note that ¢, equals the volume fraction of the dispersed
phase ¢, for a vanishing slip velocity between the two phases.
We can estimate the slip velocity by using the drag law identi-
fied by Augier et al.'? for highly concentrated liquid-liquid
homogeneous dispersed flows. In the range of parameters con-
sidered here, this law predicts that ¢ varies from 0.07 to 0.18
when ¢, varies from 0.1 to 0.2. Downstream of the orifice,
the occurrence of breakup decreases the drop diameter and
tends to reduce the difference between ¢ and ¢,. A single as-
pect ratio, f = 1/2, and two different concentrations, ¢, = 0.1
and 0.2, have been investigated with orifice velocities U,
ranging between 0.5 and 1.2 m/s.

Instrumentation

The transparent test section and the matching of the fluid
indices allows us to use modern optical measurement techni-
ques that give access to the short times and small length scales
involved in the hydrodynamics of the drop breakup. The high-

Table 2. Flow Parameters for Water—Glycerin
Single-Phase Flow

drop breakup in single-phase flow of tap water (systems A B=12 B=2/3
U@m/s) Re U, (m/fs) APma (Pa) U, (m/s) APy, (Pa)
. . P P 0.118 830 0.472 165 — —
— *
Table 1. Physical Properties of the Liquid—Liquid Systems 0.138 970 0552 251 - -
System p (kg/m®)  p (107 Pas) o (107 N/m) 0.157 1100 0.628 320 — —
0.177 1240 0.708 415 — —
(B) Colored heptane/ 0216 1520  — — 0.486 156
water 684/996 0.45/0.82 23.6 0236 1660  0.944 765 0.531 187
(C) Colored heptane/ 0256 1800  — — 0576 21
Water—glycerin 684/1 100 045/47 24.4 0294 2060 _ _ 0.662 301
ST — 29°C. 0.334 2350 — — 0.752 396
58 DOI 10.1002/aic Published on behalf of the AIChE January 2007 Vol. 53, No. 1 AIChE Journal



Table 3. Flow Parameters for Two-Phase
Flows with System C*

$a=0.1 $a=02

U, (m/s) AP ax (Pa) U, (m/s) AP x (Pa)
0.55 226 — —
0.64 274 0.62 284
0.76 392 — —
0.88 492 0.88 501
0.98 637 0.98 617
L.15 874 1.13 811

— — 1.19 900

= 1/2.

speed PIV and drop imaging techniques used for the measure-
ment of the instantaneous flow field and drop-center coordi-
nates downstream of the orifice are presented.

High-speed PIV. A high-speed particle image velocimetry
technique was developed to measure the local instantaneous
two-dimensional velocity fields of the continuous phase in sin-
gle-phase flow as well as in two-phase flow. Because no local
measurement of the continuous phase was provided in Galinat
et al.,'" the present investigation of the single-phase flow con-
figuration is not limited to the water—glycerin flow (which is
useful to analyze the breakup of isolated drop for system C)
and the hydrodynamic field in single-phase flow of water is
also presented (for the analysis of drop breakup with systems
A and B).

The PIV technique is based on the measurement of the dis-
placement between two successive recorded images of small
seeding particles that follow the flow as tracers.'*'* In the
present case, the tracers are fluorescent particles of PMMA,
the diameters of which range between 20 and 50 um. A con-
tinuous 7-W argon laser source (Spectra-Physics 2017, New-
port Corp., Irvine, CA) is used to generate a thin laser sheet in
a median plane of the duct above the orifice. A CMOS high-
speed video camera (Photron APX, Digital West Imaging, El
Cajon, CA) is used to record images of the flow. The use of a
pass-band filter allows the camera to collect only the light
emitted by the fluorescent tracers, stopping all parasite reflec-
tions from the walls. The choice of the acquisition frequency
of the camera depends on the flow velocity and spatial resolu-
tion. In the present study, it was set to 0.5 ms. Image size is
512 x 1024 pixels, corresponding to a 30 x 60-mm flow sec-
tion. The velocity is computed using the processing software
DaVis 6.2 (LaVision GmbH, Géttingen, Germany). Recorded
images are divided into square interrogation windows, within
which the gray-level cross-correlation function between two
successive images is calculated. Coordinates of the maximum
peak of the cross-correlation give the most probable displace-
ment of the fluid. The accuracy of the result is enhanced by a
Gaussian interpolation of the cross-correlation peak and by
the application of an iterative procedure, involving a decrease
of the window size (from 64 x 64 to 16 x 16 px”) and a spa-
tial shift. A detailed description of these techniques is avail-
able in Raffel et al.'> and Fincham and Delerce.'®

Application of the PIV technique to dispersed flows is made
possible by the adjustment of the refractive index of both
phases, as was already done by Adrian'” for solid—liquid flows
and by Augier et al.'*'® for liquid-liquid flows. The PMMA
tracers used in the present study are hydrophilic. For that rea-

AIChE Journal January 2007 Vol. 53, No. 1

Published on behalf of the AIChE

son, they remain in the aqueous continuous phase without dif-
fusing in the organic dispersed phase. Because there is no tracer
inside, drops appear as black regions in the recorded images.
The cross-correlation algorithm therefore detects only the dis-
placements of the continuous phase. However, the accuracy in
the computed velocity is affected by the presence of the black
regions. The initial size of the interrogation windows must be
larger than the drop diameter to contain a minimum number of
visible tracers. This condition was achieved with windows of
64 x 64 pixels, which are about twofold larger than the drops.
Similarly to single-phase flow, an iterative procedure is used to
improve the accuracy. Because of the presence of the black
regions, a few erroneous vectors may remain in the velocity
field. They are filtered by using a criterion based on the signal-
to-noise ratio of the cross-correlation function and replaced by
spatially interpolated values. This method is found to be reli-
able for dispersed-phase concentration up to 0.2.

High-speed Drop Imagery. The image acquisition and
processing system used in this study for the measurement of
the instantaneous drop coordinates is similar to that used in
Galinat et al.'’ Depending on the test case, two different high-
speed video cameras were used: an HCC1000 camera with a re-
solution of 1024 x 256 pixels and a Photron APX with a reso-
lution of 1024 x 512 pixels. Both are operated at 500 frames/s
with an exposure time of 1/10,000 s, the zone of interest being
illuminated with a 1000-W halogen light source. It is worth
noting that because only one camera is used for each experi-
mental run, we have access to the projection of the drop motion
only in the vertical plane of view. The measurement field is a
rectangular window that starts from the orifice and ends 100 mm
downstream. Because it was confirmed that no breakup occurred
further downstream, this window was large enough to capture all
breakup events. The residence time of each drop in the measure-
ment window is about 0.2 s. The acquisition duration was in all
cases much larger, about 1 s with the HCC1000 and 24 s with the
Photron: successive individual drops trajectories could therefore
be stored during a single acquisition run.

Drop characteristics are obtained by digital image process-
ing. Using the Visilog 5 library (ITS—-Noesis, Oxnard, CA),
we developed an algorithm that involves four steps:

(1) The reference image in the absence of the drop is sub-
tracted to the current image.

(2) The drop contour is obtained by application of a gray-
level threshold.

(3) Drops present in the image are labeled.

(4) Geometric properties of each drop are calculated from
the contour points.

Finally, the time evolution of the coordinates of the center
of each drop, the instant of breakup, and the number and the
size of the fragments are obtained. For each set of experimen-
tal parameters (U, f3, and ¢,), 60 to 80 drops were tested.

Flow Characterization

This section is devoted to the investigation of the flow of the
dispersed mixture downstream of the restriction. The objective
is to obtain a detailed description of the fluctuations responsible
for the drop deformation and breakup. Yet, it is worth noting
that a local description of the velocity field at concentration as
large as 0.2 is also of interest for the study of two-phase flow
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dynamics, particularly with respect to modeling the turbulence
in dispersed flows.

Maximum pressure drop

Percy and Sleicher'® and Galinat et al.'' showed that the
maximum pressure drop across the orifice, AP ., is the rele-
vant global parameter to characterize the breakup of an iso-
lated drop downstream of a restriction. In single-phase flow,?°
AP ..« is well described by the empirical correlation

1 1 1
APpax = —5— = UZ[—fl] 3
w2 p I 3)

The orifice coefficient Cp, depends on the restriction ratio f,
the Reynolds number, and the exact geometry of the orifice.
Axial profiles of static pressure downstream of the orifice in dis-
persed two-phase flows were measured for various concentra-
tions and Reynolds numbers. These profiles are similar to those
obtained in single-phase flow, exhibiting a maximum located at
one pipe diameter downstream of the orifice. For a fixed value
of the restriction ratio (f = 1/2), Figure 3 depicts the evolution
of AP, against the global kinetic energy of the mixture, 1/
2pU2, for six different concentrations ranging from zero to 0.2.
In all cases, AP . is an increasing linear function of the global
kinetic energy, but its slope depends on the case under consider-
ation. The presence of a small concentration of drops (¢, =
0.025) is sufficient to cause a significant decrease of the slope
relative to the single-phase flow of water—glycerin (¢, = 0), but
further increasing the concentration, from 0.025 to 0.2, no lon-
ger influences the slope. The weak influence of the concentra-
tion on the maximal pressure drop downstream of a restriction
was already reported by Pal®' with stable liquid-liquid emul-
sions in all ranges of concentrations and Reynolds numbers.

In Figure 3, results obtained with a single-phase flow of
water are also reported (white squares). The slope of AP .«
for the water flow is lower than that of water—glycerin. This is
a consequence of the decrease of the Reynolds number by a
factor close to 5.5, as the flow viscosity is increased. Note that
in this case, the AP, curve is very close to that of the dis-
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Figure 3. Maximum pressure drop (8 = 1/2) as a func-
tion of the bulk flow kinetic energy.
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persed two-phase flow with system C for ¢, > 0.025, but no
valuable conclusion can be drawn from that result.

The evolution of the global parameter AP, suggests the
following remarks. First, in this range of Reynolds number,
the flow configurations under investigation are still dependent
on the Reynolds number. Second, the effect of the concentra-
tion on AP, is clearly different from that of the viscosity.
Thus, the effect of the dispersed phase on the flow structure
cannot be accounted for by a consistent increase of the mix-
ture viscosity.

Local flow structure downstream of the orifice

This section presents PIV measurements of the flow down-
stream of the restriction for an orifice velocity U, = 0.60 m/s
and a restriction ratio f = 1/2. Four cases are investigated:
(1) a single-phase flow of water (Re = 2000), (2) a single-
phase flow of water—glycerin (Re = 11,000), and two dis-
persed flows with system C at (3) ¢, = 0.1 and (4) ¢, = 0.2.
Note that in the case of two-phase flows, only the velocity of
the continuous phase is measured. In all cases, velocity com-
ponents are measured in a vertical plane containing the pipe
axis. Given that the flow is turbulent, time-averaged quanti-
ties have been reported: the mean axial velocity (U,) and the
standard deviation (u,) of the axial velocity.

Mean Axial Velocity. Figure 4 reports the radial profiles
of U, at different axial distances from the orifice (x = 10, 20,
30, 40, and 50 mm) for the four cases investigated. The flow
structure is similar for all cases: the acceleration through the
orifice produces an axisymmetric jet that spreads in the radial
direction and reattaches to the pipe wall beyond the limit of
the measuring window (x = 60 mm). A large recirculation
zone therefore surrounds the jet downstream of the orifice.
All profiles exhibit a good axial symmetry, suggesting that
the jet is well centered in the pipe. Close to the orifice, U,
profiles are flat, indicating the existence of a potential core.
The increase of the flow rate observed along the jet axis right
after the orifice compensates the reverse flow in the recircu-
lation region close to the wall (negative velocity in Figure
4). The maximum of the centerline velocity U, .y, located at
x = 10 mm (=x0.3D), equals 1.25U, with the single-phase
flow of water (Figure 4a) and 1.10U,, with the water—glycerin
flow. In the case of an air flow at Re = 10° with f = 1/2,
Morrison et al.*> obtained similar results: a maximal velocity
located at x/D ~ 0.37 and a maximal pressure drop located
at x/D =~ 1. The profiles spread as x increases and beyond
x = 10 mm, U,yax continuously decreases. Because of the
lateral confinement, the radial location of the maximum of
the velocity gradient remains close to 7.5 mm, which corre-
sponds to the edge of the orifice (D,/2).

However, the flow deceleration is not identical in each
studied case. In single-phase flow, it is larger for the water
flow at Re, = 11,000 (Figure 4a) than for the water—glycerin
flow at Re, = 2000 (Figure 4b), as a result of the increase of
turbulent diffusion with the Reynolds number. For the same
reason, the water flow also reattaches sooner to the pipe wall.

Axial velocity profiles obtained in two-phase flows (Figures 4c
and 4d) exhibit a stronger diffusion of U,, which is probably
caused by an enhancement of the turbulence production by
the drops. It must be pointed out that the effect of increasing
the drop concentration from 0 to ¢, = 0.10 (Figure 4c vs.
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Figure 4. Mean axial velocity profiles at different cross sections downstream of the orifice.
U, =0.60 m/s, f = 1/2. (a) Water; (b) water—glycerin; (c) system C with ¢, = 0.1; (d) system C with ¢, = 0.2.

Figure 4b) on the jet diffusion is more important than that of
increasing the Reynolds number by a factor 5.5 in single-
phase flow (Figure 4b vs. Figure 4a). A significant increase of
the radial diffusion of the axial mean velocity profile was pre-
viously reported in the case of turbulent mixing layers, even
at low concentrations: the bubbly case was experimentally
investigated by Roig et al.,® whereas the liquid—liquid case
was studied by Augier.”* In the present case, the role of the
dispersed phase is not simple because the increase of diffusion
of the mean velocity is observed to be weaker at ¢, = 0.2
(Figure 4d) than at ¢, = 0.1 (Figure 4c).

Axial Velocity Fluctuations. Profiles of the axial velocity
fluctuation u, are reported in Figure 5. In all cases, they exhibit
two symmetrical peaks at the radial position D,/2 = 7.5 mm
(above the orifice edge). As x increases, their base spreads and
their intensity slightly increases.

In single-phase flow, the turbulence peak spreads faster at
Re = 11,000 (Figure 5a) than at Re = 2000 (Figure 5b). How-
ever, the maximum levels of the fluctuations are close (U max =
0.18 m/s in water, 0.16 m/s in water—glycerin) and the turbulence
intensity of both cases is in agreement with the value obtained at
Re = 10° by Morrison et al..”? (tmax/Usmax)” = 0.057. On the
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0.2

other hand, examination of the radial fluctuations (not reported
here) shows that the isotropy ratio, u,/u,, remains close to 1.5 for
x > 20 mm.

In the case of two-phase flow, the same level of maximum
fluctuation is observed with both ¢, = 0.10 (Figure 5c¢) and
¢4 = 0.20 (Figure 5d) and u,.x =~ 0.2, which corresponds to
a turbulent intensity, (u‘\max/U)ﬂmX)2 = 0.09, much higher than
that in the single-phase flow of water—glycerin (Figure 5b).
Moreover, in two-phase flow, this maximum is located near
the orifice (x < 10 mm), whereas in single-phase flow, it is
reached at the end of the measurement window (x > 50 mm).
It also seems important to mention that, in the vicinity of the
orifice, the width of the turbulence peak is larger in two-
phase than in single phase flow cases. We can thus expect
that the probability that a drop encountering strong turbulent
fluctuations close to the orifice is larger in two-phase flow
than in single-phase flow. The increase of the axial velocity
fluctuations is concomitant with a slight decrease of the radial
fluctuations (not reported here), resulting in an increase of
the turbulence anisotropy. Similarly to what was observed
with the mean velocity, the effect of the drop presence on the
velocity fluctuations changes with the drop concentration.
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Figure 5. Axial velocity fluctuations profiles at different cross sections downstream of the orifice.
U, = 0.60 m/s, f = 1/2. (a) Water; (b) water—glycerin; (c) system C with ¢, = 0.1; (d) system C with ¢, = 0.2.

For ¢, = 0.1 (Figure 5c), velocity fluctuations diffuse much
faster toward the pipe center compared to both single-phase
(Figure 5b) and two-phase flow cases at ¢, = 0.2.

An increase of the intensity of the fluctuations with the dis-
persed-phase concentration was previously observed in vari-
ous dispersed flows, such as homogeneous bubbly flows>*-26
or liquid-liquid flows.”” At moderate concentration, the con-
tribution of the dispersed phase to the global turbulent energy
of the continuous phase generally scales as d)U,%, where Uy is
the slip velocity between the two phases. Moreover, the
increase of diffusion of the velocity gradient in a homogeneous
bubbly shear flow can be modeled through a modified eddy vis-
cosity. A first model for the contribution vfp of the dispersed
phase to the eddy viscosity was proposed by Sato et al.?®:

Ve o $dUg @

where d is the diameter of the bubbles or drops. More
recently, Chahed et al.*® and Bellakhel et al.*® proposed a
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more sophisticated expression that models the enhanced turbu-
lence production and eddy stretching by the bubbles:

1+ Clks/ko)
RIS Yy

where v}, ko, and 1’ are, respectively, the eddy viscosity, the
fluctuating kinetic energy, and the turbulence time macroscale
of the carrier flow in the absence of bubbles, where C’ is a
dimensionless constant of order one. Applied to a bubbly
shear layer with a uniform bubble concentration, this model
manages to predict the increase of the mixing layer width.
Qualitatively, Eq. 5 also seems able to reproduce the general
trend of the turbulent flow downstream of the orifice. Indeed,
it may predict the increase of the jet diffusion when the drop
concentration increases from 0 to 0.1. It may also reproduce
the attenuation of the diffusion observed when the concentra-
tion increases from 0.1 to 0.2. However, using the drag force
correlation, proposed by Augier et al.'” to estimate the slip ve-

1+ C'pU /k
_y 1+ CoU/K )
1+ ¢pUgt'/d
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Figure 6. Video sequence of drop breakup downstream
of the orifice (the time interval is 20 ms).
System C, U, = 0.92 m/s, f = 1/2. (a) ¢, = 0; (b) ¢4 = 0.2.

locity, the estimation of ¢pUZ represents only 2.5% of the fluc-
tuating kinetic energy of the continuous phase. A model like
Eq. 5 thus cannot account quantitatively for the present
results. The diffusion of the velocity gradient downstream of
the orifice is not controlled only by the eddy viscosity—the
inertia of the drop and the gradient of the concentration prob-
ably also play major roles.”!

Local velocity measurements have shown the dependency
of the turbulent flow downstream of the orifice with the drop
concentration. On the one hand, the presence of drops is re-
sponsible for a faster decrease of the mean axial velocity and
for an increase of the turbulent intensity. On the other hand,
the location and extension of the regions of most intense tur-
bulence are very different in the four cases under considera-
tion. Significant differences concerning drop breakup spatial
distribution may thus be anticipated.

Statistics of Drop Breakup over the Whole
Test Section

The behavior of drops downstream of the orifice was
recorded by means of high-speed imaging. Figure 6 shows
two typical sequences of the breakup of a colored drop
(system C) in single-phase flow (Figure 6a) and in dispersed
two-phase flow at ¢, = 0.2 (Figure 6b). In both cases, the
drop is elongated, takes a dumbbell shape, and eventually
breaks into two or more fragments. However, occurrence of
breakup is mainly observed right after the orifice in the two-
phase flow case, whereas in the single-phase flow case, it is
preferentially localized in the upper part of the test section. In
all cases, however, breakup was never observed outside the
measurement window.

Several test cases were investigated with system C, the flow
parameters of which are listed in Table 2 for ¢, = 0 and in
Table 3 for ¢, = 0.1 and 0.2. For each configuration, about
70 colored drops of n-heptane with diameters ranging from
1.4 to 2 mm were injected upstream of the orifice and their
motions recorded with a high-speed camera. In case of
breakup, the location of breakup and the properties of the
resulting fragments are determined using a digital image pro-
cessing technique. Breakup statistics are then estimated for
each flow configuration.

With respect to engineering applications, the knowledge of
breakup probability at the crossing of a duct singularity is an
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important issue. Galinat et al.'' determined the breakup statis-
tics at the scale of a finite volume downstream of the restric-
tion. In this section, the same analysis is repeated: the evolution
of the (1) global probability of breakup in the test section, (2)
the mean number of fragments, and (3) the mean and Sauter di-
ameter of the daughter drops are reported as a function of the
global Weber number based on the maximum pressure drop
across the orifice (Eq. 1). The spatial distribution of breakup
events and its relation with the local turbulence field will be
considered in next section.

Breakup probability

Figure 7 reports the evolution of the breakup probability as
a function of the global Weber number in a single-phase flow
of water—glycerin (system C). The results obtained for two
different orifice ratios, § = 1/2 and f = 2/3, are similar.
Experimental data are compared with the fitting curve of the
results obtained with systems A and B (dotted line) by
Galinat et al.'" System C shows a similar evolution compared
to that of systems A and B, although we may note that the
breakup probability for system C is, at the largest values of
the Weber number, slightly below that for systems A and B. In
the investigated range of parameters, increasing the viscosity
by a factor > 5 does not significantly influence the breakup
probability, which therefore still depends only on We. The va-
lidity of the breakup correlation proposed by Galinat et al.!!
can thus be extended to a broader range of flow Reynolds num-
bers. A possible explanation for this result could be that, even
if the local structure of the turbulent flow is modified by the
addition of glycerin, the maximum level of turbulent fluctua-
tions is about the same.

Figure 8 shows the evolution with the Weber number of the
breakup probability of a colored drop in dispersed two-phase
flow at ¢, values of 0.1 and 0.2. These results were obtained
by varying the bulk velocity for a fixed restriction ratio, ff =
1/2. In this graph, single-phase flow results were fitted by a
power law (dotted line). No differences are visible between
the two-phase flow case at ¢, = 0.1 and the single-phase
case, whereas the breakup probability is significantly lower
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Figure 7. Breakup probability vs. Weber number.

The dashed line is the fitting curve obtained with systems A
and B.
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Figure 8. Breakup probability vs. Weber number in con-
centrated dispersions.

System C, f = 1/2. The dashed line is the fitting curve
obtained with ¢; = 0.

for ¢, = 0.2, especially at large We. This result clearly states
that a global Weber number based on the maximum pressure
drop, AP ,.x, cannot provide a unique scaling law for breakup,
including the influence of concentration. In addition, the
description of turbulent flow obtained in section 3 suggests
that no Weber number based on any global flow property
would manage to collapse the results obtained at various con-
centrations. Indeed, for a given AP, the values of the bulk
kinetic energy are the same for ¢p, = 0.1 and ¢, = 0.2. More-
over, the maximal velocity fluctuations u,,,.x are close and the
turbulent intensity (tmax/Umax)’ is about the same in both
cases. A similar conclusion would be drawn with the global
dissipation rate (UAP,,,,) across the orifice.

It can be concluded that the breakup probability is well
described by a unique function of the sole global Weber
number for orifice Reynolds numbers in the range from 2000
to 11,000 and concentrations up to 0.1. For larger drop con-
centrations, a global Weber number is not sufficient.
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Mean number of fragments and daughter-drop diameter

Characteristics of the daughter drops resulting from breakup
are now considered. Note that whenever a drop undergoes
successive breakup, the statistics are estimated from the final
daughter-drop population.

Results obtained with colored drops in a single-phase
flow of water—glycerin (system C, ¢, = 0) for two orifice
ratios (f = 1/2 and § = 2/3) are first examined. Figure 9a
shows the mean number of fragments Ny as a function of the
global Weber number. N; remains close to 2 for We < 40
and then increases as We increases. The standard deviation
of the number of fragments (n half of the vertical bars in
Figure 9a) and the Sauter diameter (d,3;) of the daughter
drops (Figure 9b) evolve in the same way: a very weak
slope at low We followed by a monotonic increase (resp.
decrease) of 7y (resp. dgz»/d). Binary breakup is thus domi-
nant at low Weber numbers, whereas for We > 40 an in-
creasing number of fragments are produced as We increases.
Dotted lines in Figure 9a (resp. 9b) are the fitting curves of
Ny (resp. dg3,/d) measured by Galinat et al.'! with both col-
ored and noncolored drops in a single-phase flow of water
(systems A and B). These previous results obtained at a
higher Reynolds number follow the same trend: they display
only a slightly faster increase (resp. decrease) of Ny (resp.
dd32/d) with We.

Results obtained in dispersed flows with system C (with
p = 1/2) are plotted in Figures 10a and 10b. Plain symbols
correspond to the concentrated cases ¢, = 0.1 and ¢, = 0.2,
whereas the dotted line fits the results obtained at ¢p, = 0. The
mean number of fragments (Figure 10a) and the daughter-
drop Sauter diameter (Figure 10b) follow the same evolution
in two-phase flow as in single-phase flow.

Local Analysis of the Drop Breakup

The analysis of drop breakup statistics at the scale of the
whole pipe singularity shows that the breakup probability and
the number of fragments are increasing functions of a global
Weber number based on the maximum pressure drop across
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Figure 9. (a) Mean number of fragments (vertical bars represent + standard deviation (SD); the dashed line is the fit-
ting curve obtained with systems A and B); (b) reduced daughter-drop Sauter diameter vs. Weber number
(vertical bars represent = SD; the dashed line is the fitting curve obtained with systems A and B).
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Figure 10. (a) Mean number of fragments in concentrated dispersions (system C, = 1/2; vertical bars represent +
SD; the dashed line is the fitting curve obtained with ¢4 = 0); (b) reduced daughter-drop Sauter diameter
vs. Weber number in concentrated dispersions (system C, g = 1/2; vertical bars represent + SD; the
dashed line is the fitting curve obtained with ¢4 = 0).

the orifice. As a consequence, the Sauter diameter of the
daughter drops decreases as the Weber number increases.
These parameters adopt the same behavior in single-phase
flows as that in two-phase flows, suggesting that the breakup
is not influenced by the concentration in the range 0 < ¢, <
0.1. However, the growth rate of breakup probability for
We > 30 is smaller at ¢, = 0.2 than that at ¢, < 0.1. The
PIV measurements showed that an increase in the drop con-
centration from ¢, = 0 to ¢, = 0.1 causes an increase of 25%
in the maximum fluctuation u,,,x, Whereas an increase from
¢4 = 0.1 to ¢, = 0.2 does not cause any significant increase
of i,ax- Therefore, the observed evolution of the breakup
probability cannot be simply related to a variation of the tur-
bulence intensity, nor can it be explained by the increase of
the effective viscosity of the two-phase mixture with the con-
centration because the addition of glycerin in water increases
the viscosity more than fivefold without significantly changing
the probability of breakup. Thus, the evolution of the relation-
ship between the breakup probability and the global Weber
number is likely to result from local changes in the spatial
structure of the turbulence field downstream of the orifice.
Figure 11 reports the spatial distribution of the axial fluctu-
ation 1, downstream of the orifice (0 < x < 60 mm) for U, =
0.6 m/s and § = 1/2. The same four cases as in Figures 4 and
5 are presented: a single-phase flow of water at Re = 11,000
(Figure 11a), a single-phase flow of water—glycerin at Re =
2000 (Figure 11b), and two dispersed flows of n-heptane drops
in water—glycerin at ¢, = 0.1 (Figure 1lc) and ¢, = 0.2
(Figure 11d). In each subfigure, drop breakup events are local-
ized by circles. Note that contrary to the turbulent field, which
is actually measured in a meridian plane, these symbols corre-
spond to the projection in the plane of view of the three-
dimensional position of the drops: the axial coordinate is
therefore exact, although the radial one is equal to or smaller
than the actual one. In all cases, the turbulence is generated in
the mixing layer that develops at the periphery of the jet and
than diffuses radially as the distance from the orifice
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increases. The regions of less-intense turbulence therefore cor-
respond to the jet core and the recirculating zone around the
jet. However, this common global structure of the turbulent
fields does not exclude the presence of strong differences
between the four cases.

In single-phase flow, the annular layer of intense turbulence
is larger and diffuse faster at Re = 11,000 (Figure 11a) than
at Re = 2000 (Figure 11b). In both cases, breakup events are
never located in the central region where the turbulence is
weak. At Re = 11,000, breakup is observed in two distinct
zones: (1) in the region of intense turbulence production
located just downstream of the orifice (x < 20 mm) and (2)
further downstream (x > D = 30 mm). At Re = 2000,
breakup no longer occurs close to the orifice but is still
observed one pipe diameter downstream (x > D = 30 mm).

Compared to the single-phase case at the same Reynolds
number (Figure 11b), two-phase flow distributions of u, at
¢4 = 0.1 (Figure 11c) and ¢, = 0.2 (Figure 11d) exhibit, just
downstream of the orifice, a larger intensity distributed over a
wider annular region. The turbulence levels of cases ¢, = 0.1
and ¢, = 0.2 are quite similar near the orifice but significant
differences appear when x increases. At ¢, = 0.1, the axial
fluctuation in the central region of the pipe increases toward
the maximum value, which remains constant. At ¢, = 0.2, the
axial fluctuation near the axis increases only very slightly,
whereas the maximum value decreases. This evolution of ve-
locity fluctuations with the concentration has severe conse-
quences regarding breakup locations, which accumulate
mainly near the orifice in two-phase flow cases. At ¢, = 0.2
(Figure 11d), no breakup is observed even for x values larger
than one pipe diameter, at the exact opposite of what is
observed at ¢p; = 0 (Figure 11b).

Because the breakup locations are strongly related to the het-
erogeneous structure of the turbulence, it is interesting to con-
sider the evolution of breakup probability with the distance
from the orifice. Figure 12 depicts the distribution function
F(x) of the breakup occurrences, that is, the probability that a
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Figure 11. Axial velocity fluctuation distributions downstream of the orifice (m/s).

U, = 0.60 m/s, f = 1/2. (a) Water; (b) water—glycerin; (c) system C with ¢, = 0.1; (d) system C with ¢, = 0.2. Open symbols represent
the breakup locations.

drop breaks at a distance smaller than x. The cumulated proba- breakup events occur in the region under investigation. For the
bility F(x), presented for the same four cases, reinforces the single-phase flow at Re = 11,000, the horizontal tangent
conclusions drawn from the analysis of Figure 11. In all cases observed close to x = 30 mm is the signature of the existence of

F(x) reached unity before x = 80 mm, indicating that all a region where no breakup occurs, surrounded upstream and
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Figure 12. Distribution function of breakup axial loca-
tions.

downstream by two regions where it does. For the single-phase
flow of water—glycerin, the S-shape shows that breakup is no
longer possible close to the orifice and occurs exclusively for
x > 30 mm at Re = 2000. In two-phase flow cases, the sign of
the curvature of F(x) always remains negative, indicating the
existence of a unique region of breakup that starts just down-
stream of the orifice, where the breakup probability is maximum
and ends at x = 80 mm (resp. 40 mm) for ¢, = 0.1 (resp. 0.2).

Breakup probability is thus strongly related to the local struc-
ture of the turbulence field downstream of the orifice. The con-
dition for breakup to occur requires that a drop crosses a region
of intense turbulence, where the order of magnitude of the in-
stantaneous velocity fluctuations is given by uyn.x =& 0.2 m/s.
This confirms that in such flows, in which the Reynolds number
based on d and u,,x is always >100, the drop deformation is
driven by the pressure fluctuations at the scale of the drop,
according to the inertial turbulent breakup mechanism first
described by Kolmogorov?*? and Hinze.>* Moreover, the maxi-
mum turbulence intensity is well correlated to the maximum
pressure drop. Within the range of Reynolds number and drop
concentration considered, a global Weber number based on
AP 1o« could be a priori relevant for characterizing the main fea-
tures of the drop breakup statistics at the scale of the pipe singu-
larity. However, the complex modifications in the spatial distri-
bution of the turbulence that occur when the flow configuration
is changed are not determined by the maximum pressure drop.
Thus, breakup probability over the whole test section, which
also depends on the volume of the region in which the most
intense turbulent fluctuations are observed, cannot be fully
determined by the global Weber number. In particular, the
smaller breakup probability observed at ¢, = 0.2 compared to
¢4 values of 0 and 0.1 (Figure 8) is explained by a severe reduc-
tion of the volume of the region of intense turbulence.

Conclusions

The present study provides original results concerning the
breakup of drops in a dispersed two-phase turbulent flow
downstream of an orifice. Through use of the optical index
matching technique and high-speed video imaging, the behav-
ior of colored drops of n-heptane were investigated in both a
single-phase flow of water—glycerin (¢, = 0) and dispersed
flows of n-heptane drops in water—glycerin at concentrations
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« = 0.1 and ¢, = 0.2. In a first step, breakup statistics over
the whole test section were represented as a function of the
global Weber number based on the maximum pressure drop
across the orifice. The evolutions of the mean number of frag-
ments and the daughter-drop Sauter diameter were found to be
similar at ¢, values of 0, 0.1, and 0.2, extending the validity
of the scaling laws proposed by Galinat et al.'' for heptane
drops in a single-phase flow of water at a larger Reynolds
number. On the other hand, the probability of drop breakup
downstream of the orifice is well described by an increasing
function of the unique global Weber number for single-phase
flows at various Reynolds numbers and two-phase flows at
¢4 = 0.1. However, at ¢, = 0.2, breakup probability is found
to be smaller for We > 30. This behavior is understood from
the local structure of the turbulence, which was characterized
by means of high-speed PIV.

In all cases, breakup occurs in the regions of intense turbu-
lence, which can be characterized by their location, volume,
and maximum fluctuation. Because the maximum fluctuation
level scales with the maximum pressure drop and is always
large enough for the breakup to be driven by an inertial mech-
anism, breakup statistics primarily depend on the global
Weber based on AP,,,,. However, this parameter is not rele-
vant for characterization of the location and volume of the re-
gions of intense turbulence, which change considerably when
either the Reynolds number or the drop concentration vary. In
particular, the annular layer of high turbulence around the jet
just after the orifice is broader and more intense than that in a
single-phase flow. As a consequence, it is not possible to
describe the two-phase flow as a single-phase flow of a mix-
ture with average physical properties. This modification of the
turbulence induced by the drops is responsible for a diminu-
tion of the volume of the region within which turbulence is
large enough to cause breakup, explaining the smaller breakup
probability observed at ¢, = 0.2. Interestingly, even when the
breakup probability over the whole test section is the same in
two distinct flow configurations, the evolution of the local
breakup probability with the distance from the orifice can be
very different.

The present study shows that the global statistics of breakup
at the scale of the entire pipe singularity can be correlated to a
global Weber number, at least for drop concentrations up to
0.1. This result is nevertheless specific to the present configu-
ration and must not be generalized to any heterogeneous tur-
bulent flow. Breakup probability does not depend only on a
global measurement of the turbulence intensity over the whole
test section; it also depends on the probability that drops pass
through the regions of intense turbulence. With respect to
modeling issues of breakup in heterogeneous two-phase turbu-
lence, these results underline the need for accounting for the
local turbulent stress experienced by the drop along its trajec-
tory. It probably also requires a correct description of the
dynamic response of the drop to the corresponding unsteady
turbulent forcing.** Future work will be directed toward inves-
tigating that feasibility.
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Notation

Cp, =

orifice coefficient
drop diameter, m
= Sauter mean diameter, m

dg3> = daughter-drop Sauter diameter, m

pipe diameter, m

orifice diameter, m

np = refractive index

= mean number of fragments

ny = standard deviation of the number of fragments

P = breakup probability
Q = flow rate, I/h
Re = pipe Reynolds number (= DUp, /1)
Re, = orifice Reynolds number (= D,U,p /i)
U = bulk velocity in the pipe, m/s
U, = bulk velocity through the restriction (= U/f%), m/s
U, = mean axial velocity, m/s
u, = standard deviation of the axial velocity, m/s
We = global Weber number (= AP,.xd/0)
x = axial distance to the orifice, m

Greek letters

f = restriction ratio between the orifice and the pipe diameter (= D,/D)
AP,..x = maximum pressure drop through the orifice, Pa
¢ = dispersed phase volume fraction
¢, = dispersed phase flow fraction
1 = dynamic viscosity, Pa-s
p = density, kg m~>
o = interfacial tension, N m~!
Subscripts
¢ = continuous phase
d = dispersed phase
max = local maximum
r = radial direction
x = axial direction
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