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Homogenous oil in water dispersion has been investigated in a horizontal pipe. The
mean droplet size is 25 pum. Experiments were carried out in a 7.5-m-long transparent
pipe of 50-mm internal diameter. The wall friction has been measured and modeled for a
wide range of flow parameters, mixture velocities ranging from 0.28 to 1.2 m/s, and dis-
persed phase volume fractions up to 0.6, including turbulent, intermediate, and laminar
regimes. Flow regimes have been identified from velocity profiles measured by particle
image velocimetry in a matched refractive index medium. It is shown that the concept of
effective viscosity is relevant to scale the friction at the wall of the dispersed flow. Based
on mixture properties, the friction factor follows the Hagen-Poiseuille and the Blasius’
law in laminar and turbulent regimes, respectively. Interestingly, the transition toward
turbulence is delayed as the dispersed phase fraction is increased. © 2010 American Insti-
tute of Chemical Engineers AIChE J, 57: 1119-1131, 2011
Keywords: liquid-liquid pipe flow, homogeneous dispersed flow, PIV, effective
viscosity, wall friction

Introduction

Correspondence concerning this article should be addressed to O. Masbernat at In this article. the determination of the wall friction law of
olivier.masbernat@ensiacet.fr. - .. .o . .

a homogeneous dispersed liquid—liquid flow in a horizontal

© 2010 American Institute of Chemical Engineers pipe is addressed. This problem is of particular interest in oil
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extraction processes and in many other industries dealing
with the transport of emulsions.' Oil production is still asso-
ciated with a high water throughput which tends to increase
as wells are aging. There have been a number of experimen-
tal studies dealing with the flow configurations of cocurrent
liquid-liquid flow in horizontal pipes. Depending on the
mixture velocities and phase ratios, the flow can take differ-
ent spatial configurations, dispersed or stratified, or dual-
layer stratified—dispersed.” Fully dispersed flows occur at
high mixture velocities, when the turbulence level is high
enough to maintain a suspension of drops in the bulk flow.
The flow is said to be homogeneous when the drops are uni-
formly distributed across the whole pipe cross section.

Homogeneous dispersed flows have given rise to quite a
number of experimental studies aiming at measuring and
scaling local flow field in gas—liquid, solid-liquid, and gas—
particle dispersed turbulent channel flows.®'2 Most of them
deal with inertial particles or high particle Reynolds numbers
(for bubbles). Detailed measurements in turbulent liquid—
liquid pipe flows have been poorly addressed.'*'*

Modeling homogeneous dispersed flows cannot be under-
taken without addressing the question of turbulence damping
or enhancement. An informative review of this problem can
be found in the paper of Sundaresan et al.,'” highlighting the
lack of available theory to predict such mechanisms, even
for dilute conditions, simple geometries, and small size par-
ticles (i.e., smaller or of the order of the Kolmogorov scale).
Depending on the particle size with respect to turbulent
length scales, the Stokes number (the ratio between the
inclusion relaxation time and the fluid time scale “seen” by
the inclusion), and the particle Reynolds number, the turbu-
lence can be enhanced or reduced. The effect of concentra-
tion and polydispersity has not been achieved so far.

In the case of low inertia suspensions in liquids (i.e., low
Stokes and particle Reynolds numbers), the mean slip velocity
and particle inertia are negligible and it is generally accepted
that the fluid—particle interaction can be described through an
effective viscosity effect, which increases with increasing the
concentration of the dispersed phase. This assertion is mainly
based on wall friction measurements in pipe flow as a function
of drop concentration.'®'” Pal'® observed a drag reduction
effect with unstable dispersions, which disappears or is signifi-
cantly reduced in the case of surfactant-stabilized emulsions.
Pal also found that stabilized emulsions can be described as a
single-phase flow with effective properties in both laminar and
turbulent regimes. Similar results were also observed in verti-
cal pipe flow.!”19-20

An interesting problem is the laminar—turbulent regime
transition in dispersed flows. In the case of fine emulsions,
the results of Pal'® show that Hagen-Poiseuille law is valid
for mixture Reynolds numbers ranging up to 4000, suggest-
ing that the drops tend to delay the transition to turbulence.
More recently, Matas et al.>! studied this problem with neu-
trally buoyant solid particles in a pipe flow. Their results
clearly show that the transition toward turbulence occurs at
smaller mixture Reynolds numbers for large particle-to-pipe
diameter ratios, while it is unchanged for smaller particles at
concentrations lower than 0.2-0.25. Above this concentra-
tion, small particles delay the transition to turbulence. There-
fore, it can be concluded that even with low inertia suspen-
sions where effective properties can be used to scale the
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Table 1. Physical Properties of the Fluids at 29°C

Interfacial
Density  Viscosity Refractive Tension
Phases (kg/m3 ) (Pa s) Index (=)  (N/m)
Dispersed ~ Heptane 684 4 x 107" 1.385 0.031
Continuous ~ Water— 1102 32 x 1072 1.385
Glycerin

(43% vol)

wall friction, laminar—turbulent transition is a function of not
only the mixture Reynolds number but also of the concentra-
tion. The last observation also underlines the need for
detailed flow measurements in concentrated suspension
flows.

In the present work, the hydrodynamic local field of a ho-
mogeneous liquid-liquid dispersion flowing in a horizontal
pipe has been measured with particle image velocimetry
(PIV), using the refractive index matching technique. Com-
bining these data with pressure drop measurements, the wall
friction and effective viscosity of the emulsion have been
identified and scaled in a wide range of flow parameters
(mixture velocity and drop concentration) from the turbulent
to the laminar regime.

This article is structured as follows: In the first section,
the liquid phase system, the experimental device, the mea-
surement technique, and the flow parameters are presented.
The homogeneous flow domain is drawn on a mixture veloc-
ity-concentration map and the stability of the dispersion is
also addressed. The results are then presented and discussed
for the three different flow regimes studied: turbulent, lami-
nar, and intermediate. For each flow regime, the longitudinal
velocity profile and the pressure drop measurement are pre-
sented and discussed at different concentrations and veloc-
ities. The effective viscosity derived from these measure-
ments is then discussed and its evolution with concentration
is compared with existing models. In the last section, the
wall friction factor is presented and discussed as a function
of the mixture Reynolds number. The main results are sum-
marized in the Conclusion section.

Experimental

The experimental device and fluids used in this study are
similar to those of Conan et al.** who studied the stratified—
dispersed flow configuration. The experimental loop was
modified to generate homogeneous flow of small drops using
the centrifugal pump of the continuous (aqueous) loop.

Phase system

The properties of the two fluids are reported in Table 1.
The continuous phase is an aqueous solution of glycerin at
43% vol/vol. The dispersed phase is n-heptane (technical
grade) immiscible with water. At 29°C, the two phases have
their refractive index matched (1.385) allowing light trans-
mission without deviation.

Experimental setup
A schematic diagram of the whole setup is shown in
Figure 1. The device comprises a 7.5-m-long horizontal pipe
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Figure 1. Schematic diagram of the two-liquid phase flow loop.

of 50-mm internal diameter, a gravity settler, an entry sec-
tion, two centrifugal pumps, and a secondary loop with heat
exchangers which regulate the flow temperature in the loop.
To implement optical techniques, the duct is made of poly
(methyl methacrylate) (PMMA), and movable square boxes
(30-cm long) filled with water are mounted along the pipe to
reduce optical distortions.

The two fluids are stored in the gravity settler (400 L).
Each phase is pumped from the settler to the pipe inlet by
centrifugal pumps of variable rotation speed. Flow rates are
measured with the help of an electromagnetic flowmeter and
a vortex flowmeter for the aqueous and the organic phase,
respectively, with an accuracy of 0.5%. Oil and water phases
merge in a Y-junction, at the pipe inlet. Upstream of the
Y-junction, a convergent section has been mounted on the
water loop to eliminate secondary flows in the pipe. The
start-up procedure of the experimental device is operated in
two stages. At first, each phase is continuously fed in the
pipe and separated in the gravity settler (no dispersion is
produced at this step). Then, a set of four electrovalves
mounted on the circuit (see Figure 1) allow to bypass the
gravity settler and direct both oil and water phases in a sin-
gle circuit (the water loop) at the desired concentration.
With this system, both phases flow in the aqueous phase
loop and a fine dispersion of oil in water is continuously
maintained by the centrifugal pump. At the end of a series
of experiments, the dispersed phase fraction is measured by
sedimentation of a few milliliters sample.

Flow temperature is adjusted by a heat exchanger fed by a
secondary heated water circuit. The temperature of all
experiments has been set to 29°C with an accuracy of 0.1°C.

Instrumentation/pressure and flow measurement systems

Pressure drop measurements were made with a differential
pressure gauge. Five pressure taps were placed at 2-m inter-
vals along the pipe. The instantaneous pressure signal was
acquired at a frequency of 2 Hz and time averaged over
1-min time interval for each studied flow rate. At 2 m from
the pipe inlet section, the longitudinal gradient is stable
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along the pipe length for both single- and two-phase flow.
The uncertainty on pressure drop measurement is estimated
at +11%.

A high speed PIV technique has been implemented to
determine the two-dimensional velocity field of the aqueous
phase. A vertical laser sheet illuminates a vertical median
plane of the pipe. The principle of this technique consists in
measuring the displacement of seeding particles between two
successive images of the laser sheet separated by a constant
time interval. The most probable displacement of the par-
ticles between two consecutive images is calculated from the
detection of the maximum of the cross-correlation function
of gray level between the two images.

Fluorescent hydrophilic microparticles were used to seed the
flow. These are made of PMMA with encapsulated Rhodamine
B (4 = 584 nm). Their diameter ranges between 1 and 20 um
and their density is 1.18 g/cm’. Their Stokes number based on
the terminal velocity is less than 10, Thus, they can be con-
sidered as flow tracers over the range of flow velocity investi-
gated. The PIV system comprises a high frequency laser
(10 kHz) and a high speed camera, RS 3000 (3000 frame per
second at 1024 x 1024 pixels® image resolution), equipped
with a 100-mm focal lens. The laser source is a dual-head,
diode-pumped Nd:YLF system (A = 527 nm). A thin laser
sheet, with a thickness less than 600 pm, is generated by a di-
vergent lens mounted on the laser head. A 45° mirror directs
the laser sheet in the vertical median plane of the pipe. The
use of a high-pass filter mounted on the camera objective ena-
bles to collect only the light issued from the fluorescent micro-
particles (4 = 584 nm). Laser and camera are synchronized
and controlled by a processor time unit. Recorded images are
divided into square windows within which the gray level
cross-correlation function between two consecutive images is
calculated along vertical and transverse directions (using DaVis
7 software). The vector field is calculated according to a three-
step iteration process with decreasing window size. The initial
interrogation window is 64 x 64 pixels® and the final is 32 x
32 pixels2 with a 50% overlap. This method allows a good
spatial resolution of the vector field. The time between two
successive images has been chosen to have a displacement of
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Figure 2. Drop size distribution for ¢ = 0.08 (—) and ¢
=012 (- - -).

about one-fourth of the final window size. Statistical averages
were performed over 2000 images corresponding to an integra-
tion time of about 4 s (acquisition frequency of 500 Hz, dou-
ble pulse). Gaussian subpixel interpolation is applied to opti-
mize the computation of the displacement, a necessary refine-
ment for accurate measurement of low velocities near the pipe
wall.?® Tmage size is 1024 x 1024 pixels® corresponding to a
field size of about 50 x 50 mm? The enlargement factor
is estimated with a graduated transparent rule placed inside
the duct. PIV measurements were realized 3.3 m after the
duct entry.

Drop size

The drop size distribution was analyzed with a laser gran-
ulometer (Mastersizer 2000). A sample is directly taken
from the pipe and diluted in water to increase the refractive
index difference between dispersed and continuous phase.
Figure 2 shows the drop size distribution for ¢» = 0.08 and
0.12. The drop size distribution is approximately the same
for both concentrations. For 0.05 < ¢ < 0.25, the mean
Sauter drop diameter (d3;) is about 25 um. When ¢ > 0.25,
the drop size distribution could not be measured because of
the instability of the sample at high concentration. We have
assumed that the mean drop size produced by the pump for
higher concentration remains of the same order. The effect
of the pump rotation speed was also investigated. No signifi-
cant influence on drop size distribution was observed in the
range of rotation speed studied (1800 < N < 2400 rpm).
The mean diameter of the drops is smaller than the Kolmo-
gorov length scale (= (v* /E)l/ 4) in the turbulent regime.
Based on the Kolmogorov time scale, the drop Stokes num-
ber is much smaller than unity, suggesting that the effective
viscosity concept is valid in such an emulsion flow. More-
over, based on the estimation of critical Capillary number
and drainage time to interaction time ratio, no rupture or co-
alescence is expected in the pipe flow. The same drop distri-
bution of a sample of the dispersed flow (at ¢ = 0.08) was
observed at the pipe inlet and 2 m after the pipe inlet, vali-
dating this assumption.
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Flow homogeneity

A homogeneous dispersed flow is a fully dispersed flow with
no mean gradient of the concentration across the pipe section.
Flow homogeneity was evaluated from the radial profile of gray
level in the raw images of the laser sheet. This gray level profile
(averaged over 200 images) in the cross section results from the
light intensity diffused by the fluorescent microparticles.
Figure 3a shows the PIV raw image of a single-phase flow. On
this image, white spots represent the location of the micropar-
ticles. The corresponding gray level profile is shown in Figure
3b. The vertical (radial) intensity profile is rather flat, indicating
that fluorescent particles are homogeneously distributed in the
aqueous phase over the cross section. The small gradient of in-
tensity is only due to the nonhomogeneity of the laser sheet and
reflections at the pipe bottom. A two-phase flow PIV raw image
at high velocity (U, = 1.2 m/s) appears to be identical to that of
the single-phase flow (Figure 4a). Due to their small size (25 um
corresponds to less than 1 pixel), oil drops cannot be detected in
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Figure 3. Single-phase flow: (a) PIV raw image, (b) ver-
tical gray level profile (U,, = 1.2 m/s).
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Figure 4. Homogeneous dispersed flow.

(a) PIV raw image, (b) vertical gray level profile (¢ = 0.21,
Un = 1.2 m/s).

the image. The gray level profile (Figure 4b) is practically as flat
as the single-phase flow one. The dispersion can thus be consid-
ered to be homogeneous. At low velocity (U,, = 0.28 m/s), a
layer of concentrated microparticles develops in the upper part
of the wall, suggesting the occurrence of partial stratification
(Figure 5a). In this case, there is an increase of gray level near
the top wall (Figure 5b). This is expected to be due to the fact
that, when settling in the upper part of the pipe and forming a
dense layer, oil drops capture microparticles like in a flotation
process. As such, a layer is free of turbulence as shown by
Conan et al.** and the mean velocity rapidly cancels, the concen-
tration remains stable in that layer and higher than in the bulk.
Images at others velocities (not shown) indicated that the thick-
ness of the dense layer decreases as the flow velocity increases.
This layer is probably composed of the largest drops of the size
distribution.

Experiments were performed over a wide range of flow
mixture velocity (0.28 < U, < 1.2 m/s) and phase volume
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fraction (0.08 < ¢ < 0.56). A flow pattern map of all these
experiments is given in Figure 6. This map represents the
transition between homogeneous and partially stratified flow.
Open symbols correspond to fully dispersed flow. Full sym-
bols represent nonhomogeneous flow, when a dense layer of
oil drop appears near the upper wall. In Figure 6, the map of
the different flow regimes investigated has been also
reported (turbulent, intermediate, and laminar). These flow
regimes have been identified at steady state by a combina-
tion of measurements of velocity field and pressure drop,
both presented in the next section. We note that all flow
regimes meet the condition of homogeneous flow configura-
tion, each of them in a given range of mixture velocity and
dispersed phase concentration.

If the condition for flow homogeneity could be expressed
as a function of a critical Froude or Richardson number in
turbulent (and to some extent in the intermediate) regime,
the stability of such a flow configuration in laminar regime

woy iRl ldCiEoGac T w0

06} 1
S
04} 1
02t ; 1
0 I + L 1 L L (b)
0 50 100 150 200 250 300

Grey level

Figure 5. Partially stratified flow.

(a) PIV raw image, (b) vertical gray level profile (¢ = 0.21,
U, = 0.28 m/s).
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Figure 6. Flow pattern map.

(O): homogeneous flow, (@): partially stratified flow. Thin
lines separate the flow regime domains. Thick line is the ap-
proximate limit between the homogeneous (above) and the
partially stratified configuration (below).

is questionable. Indeed, in this regime, there are no dynamic
pressure forces that prevent the drops from settling, leading
to flow stratification. Shear-induced agitation is weak in the
present case, especially in that range of concentration and
cannot counteract the buoyancy force.?* Therefore, the emul-
sion homogeneous flow is unstable in laminar regime and
drops will segregate. However, based on the simple calcula-
tion of the settling velocity, it is possible to estimate the ver-
tical displacement of the largest drops of the size distribution
in the time interval between two successive passages of the
flow in the pump (of the order of 16 s at 1 m/s). With a
maximum drop diameter of 75 um (see Figure 2), this dis-
placement is of the order D/10. At high concentration, how-
ever, multiplying the emulsion viscosity by a factor 10 is
equivalent to dividing the largest drop settling velocity and
its displacement by the same factor. This is the reason why
homogeneous laminar flow can be considered as stable at the
scale of the present experiments.

The results for the different flow regimes are described in
the next section.

Results
Turbulent regime

The velocity field PIV measurements were first performed
with single-phase flow (water/glycerin mixture). For Uy >
0.28 m/s (Rey > 4800), it was verified that the flow is estab-
lished and parallel at 3.3 m from the pipe inlet. The longitu-
dinal mean velocity (V) profile follows the expected trend
in turbulent regime. An example of the radial profile of V is
plotted in Figure 7 (cross symbols) at a mean velocity Uy =
0.42 m/s (Rey = 7200). The universal power law in turbulent
pipe flow reads:

1/n
Vy/Vimax = (1 —r/R)V" = (1 —2|z/D—%|) (1)

where V, .« is the velocity at the center line and r = Iz — RI.
In Eq. 1, the exponent (1/n) slightly varies with the Reynolds
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number.? For Rey = 7400, 1/n is equal to 2/13 (n = 6.5) and
the corresponding profile has been reported in Figure 7
(dashed line). The power law does well compared with the
experimental data. By integrating (1) over the cross section,
we can also compare velocity at the center line V. .x:

Vimax = Uo(1 + 1/n)(1 4+ 1/2n) = 0.52 m/s with n = 13/2
(2)

which gives a 3.3% relative difference with the experimental
value (0.54 m/s).

Homogeneous turbulent two-phase flows were observed
for 0.56 < U, < 1.2 m/s and 0.08 < ¢ < 0.21 and for
Uy > 0.85 m/s and ¢ = 0.31 (see flow map of Figure 6).
The normalized longitudinal velocity vertical (radial) profile
has been reported in Figure 7 at two concentrations (¢ =
0.08, U, = 0.56 m/s and ¢ = 0.21, U,, = 0.85 m/s). The
two velocity profiles are quite symmetrical (confirming flow
homogeneity) and almost identical to the single-phase flow
case. Applying Eq. 2 to these profiles gives V, .« = 0.70
and 1.06 m/s, which are close to the experimental values
(with a relative difference of 2.7 and 3.6%, respectively).

For these three cases (single-phase and the two dispersed
flows), the wall law is displayed in Figure 8a, scaling the
axial mean velocity by the wall friction velocity v*, and the
distance from the wall (6) by the ratio v* p. /., where p.
and p. are the continuous phase dynamic viscosity and den-
sity (i.e., at ¢ = 0). The friction velocity is deduced from
pressure drop measurements in each of these flows:

IR 1 |dP
Vi= | —|— 3)
2 pp |dx

where p,, = ¢pg + (1 — @)p, is the mixture density of two-
phase flows. In single-phase turbulent pipe flow, the velocity
profile in the inertial layer is given by the universal log law:

1 * U l—‘—q* -D _____ ¢ E; g\
08t
06
Q
N
04r
0.2r
0 T ST T u [ D
0 0.2 04 06
VX/VXmaX

Figure 7. Normalized longitudinal velocity profile.

Single-phase flow (#): (Uy = 0.42 m/s, Reg = 7200, Vi max =
0.54 m/s); Two-phase flow (<]): (¢ = 0.08, Uy, = 0.56 m/s,
Vi max = 0.72 m/s), (OJ): (d) =021, Uy, = 0852 H%/S, Vx max =
L1 m/s); (- - 2): ViVi max = (1 = 212/D — 17201,
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Figure 8. Wall law velocity.

Single-phase flow (#): (Uy = 0.42 m/s, Rey = 7200, Vi max
= 0.54 m/s); Two-phase flow (<J): (¢ = 0.08, U,, = 0.56
m/s, Vy max = 0.72 m/s), (O): (¢ = 0.21, U, = 0.85 m/s,
Vi max = 1.1 m/s). (a) 0 normalized by continuous phase
properties, u. and p. (b) 6 normalized by mixture proper-
ties, iy, and pp,.

6T>30 V= %m(é*) +5.5 4)

where k is equal to 0.41, and the linear law near the wall is
valid in the viscous layer:

0<6t<s5 vi=¢o" 35)

with 67 = & v¥ p/ue.

The curves of Figure 8a clearly indicate that the single-
phase flow (crosses) follows the theoretical profiles in both
layers up to 67 = 100 (for larger values of 6", the experi-
mental velocity data are slightly higher than the log law). In
the same interval (0 < 5 < 100), two-phase velocity pro-
files are shifted to the left and the shift increases with the
dispersed phase concentration. Such behavior suggests an
influence of the effective viscosity of the mixture. Indeed, it
is possible to match the two-phase velocity profiles with that
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of the single phase, through a simple multiplication of each
two-phase profile by a given factor. Doing so, two-phase
flow data collapse on a single curve, as illustrated in Figure
8b. This multiplication amounts to replacing the continuous
phase viscosity . in Egs. 4 and 5 by a mixture viscosity py,
equal to 4 x 1072 Pa s with p,, = 1068 kg/m* for ¢ = 0.08
and p, = 6 x 107° Pa s with p,, = 1014 kg/m’ for ¢ =
0.21. These results show that in turbulent regime, the liquid—
liquid emulsion behaves as a single fluid with mixture prop-
erties. They are also consistent with the results of Faruqui
and Knudsen'® who first used this method. According to
these results, the cross-section integrated momentum balance
can be applied to the mixture:

_dP_; PmUn,
de '™ R

©)

where f,, is the mixture wall friction factor. For fully turbulent
flow in smooth pipe, f;, is given by Blasius’ law (in the range
of Reynolds number studied (<1210%, pipe roughness has no
influence on wall friction factor)>®:

fn = 0.079Re,/* 7N

The mixture Reynolds number is given by:

Rey = memD/,um (®)

where ., is the effective dynamic viscosity of the dispersion, a
priori unknown. Therefore, the evolution of the pressure drop
as a function of mean velocity reads:

dpP 175 . 0.067p%.7 10:2
- =AxUg; with A = [ R1e ] )
According to Eq. 9, the pressure gradient is proportional to the
mixture velocity to the power 1.75 and the proportionality
coefficient A varies as u,ln . In Figures 9a, b, the evolution of
the pressure drop as a function of the mixture velocity is
reported at two concentrations, 0.08 and 0.21 in the turbulent
regime. Both curves can be well fitted by a 1.75 power law,
suggesting that Blasius’ equation is valid. Note that on these
graphs, full symbols correspond to partially stratified regime at
low velocity and do not deviate much from the pressure drop
law. This is due to the weak value of the stratified layer
thickness d,. It can be shown that the main contribution to the
correction of the pressure gradient is of the order of
(1 + 5 (29, /R)*'*), which represents only a few percent in
the present case, well within the range of measurement
uncertainty.

For each concentration, the dynamic viscosity of the emul-
sion can be deduced from Eq. 9. Corresponding values are
reported in Table 2. Despite the great sensitivity of the mix-
ture viscosity to the value of A in Eq. 9 (and consequently
to the pressure drop measurement uncertainty), the identified
values of the effective viscosity are close to the former val-
ues derived from the matching of the log law. The values
predicted by Vand’s equation’’ for diluted suspensions
(Um = e (1 + 2.5¢ + 7.35(]52)) are also reported in this ta-
ble. They correctly fit the values deduced from the log law.
Note that the models of Manley and Mason,?® Krieger and
Dougherty,29 or Batchelor™® predict similar values (compari-
son made but not shown). It can be concluded that in
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Figure 9. Evolution of the pressure drop as a function
of the mixture velocity for (a) ¢ = 0.08 and (b)
¢ = 0.21.

Solid symbols correspond to partially homogeneous profiles.
Dashed line corresponds to Eq. 9.

turbulent regime and in this range of concentration, the dis-
persion behaves as a suspension of noninertial hard spheres.
Such behavior is consistent with the evaluation of the defor-
mation of the drops in the turbulent flow. Based on the sin-
gle-phase flow properties and the average turbulent energy
dissipation rate (¢25.61073(U}/D)), the Kolmogorov
length scale (n = (03/5)1/4) is about 120 um at Uy = 1 m/s
and is significantly larger than the drop diameter (~25 um).
The deformation seen by the drops is therefore induced by
the viscous shear rate j, = (2&/15v.)"/%. Based on that scale,
the Capillary number Ca = u.j732/0 is found to be the
order of 104, leading to the conclusion that the drops are
not deformed.

Laminar regime

At high dispersed phase fraction ¢ > 0.51 and 0.56 < U,
< 1.2 m/s, the flow becomes laminar (see Figure 6). Two
vertical profiles of the longitudinal velocity are illustrated in
Figure 10 at a concentration of ¢ = 0.53 and two mixture
velocities, U, = 0.56 and 0.7 m/s. These profiles are quite
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symmetrical. They are well fitted by the normalized para-
bolic profile in a tube:

1
Vo/Vimax = 1 — (r/R)* = 1 — 4(z/D — 5)2 with
Vimx =2 X Uy (10)

The relative accuracy on the maximum velocity is 1.7 and 7%
at U, = 0.56 and 0.7 m/s, respectively. This result suggests
that the concentrated emulsion behaves as a Newtonian fluid
with an effective viscosity that can be determined using the
pressure drop—mean velocity curve displayed in Figure 11. On
this figure, the pressure gradient varies linearly with the
mixture velocity. In this flow regime, the friction factor is
therefore given by Hagen-Poiseuille law:

fn = 16/Ren

And the slope is directly proportional to the effective
viscosity:

with  Rep = ppUnD/ i, (11)

R2
— 12
SU. (12)

dP

:um:E

The viscosity value deduced from Eq. 12 can be compared
with those obtained from the velocity measured at the center line
V., max (the relative difference will be the same as that between
Vi max and 2 x U, which is very low). For three different
concentrations in the laminar regime, these values are reported in
Table 3. At this concentration, the effective viscosity is an order
of magnitude higher than the continuous phase viscosity (3.2 x
107° Pa s) and is a rapidly growing function of the
concentration. Values predicted by the Eilers correlation for
liquid-liquid emulsions (Eq. 17) are also reported. The
correlation does fit our data very well, the discrepancy being
well below the pressure drop measurement uncertainty.

As for the turbulent regime, it seems relevant to verify
that the Newtonian behavior of these dispersions is consist-
ent with a spherical shape of the drop. In laminar flow, the
maximum Capillary number (based upon the mixture viscos-
ity) can be calculated from the velocity gradient at the wall:

Clmax = U PmaxT32/0  Wwith 9. =4Uy, /R (13)

For a mean velocity of 1.1 m/s and an effective viscosity of
0.05 Pa s, the maximum value of the Capillary number is 3.6
x 1073, suggesting that the drops remain spherical.

Note that the laminar Newtonian regime has been verified
for a concentration as high as 0.56. Measurements were per-
formed at a concentration of 70% and the velocity profiles
clearly exhibited a nonNewtonian behavior (shear thinning). It
is interesting to point out that Conan et al.>> observed a similar
behavior of millimeter-size dispersions (with the same phase
system) for concentrations larger than 0.6. Hence, it seems

Table 2. Effective Viscosity Values Deduced From Velocity
Log Law, Blasius’ Law, and Vand’s Equation

Concentration ¢ 0.08 0.21

(Velocity) log law [u, (Pa s)] 4 %1073 6x 1072
(Pressure drop) Blasius’ law [y, (Pas)] 3.7 x 1073 55 x 1073
Vand (1948) [t (Pa s)] 4%x107° 59x%x107°
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Figure 10. Normalized velocity profile at ¢ = 0.53, (+): U,
= 0.56 m/s (Vx max = 1.1 m/s), (O): Uy, = 0.7 m/
S (Vx max = 1.3 m/s), (—): parabolic profile.

reasonable to admit that, in the absence of other compounds
and strong interfacial forces (the concentration of seeding
microparticles is too small to have any effect on the dispersion
rheology), the Newtonian behavior of non-Brownian homoge-
neous liquid-liquid dispersions is expected to be valid for con-
centrations as high as 0.55-0.6, provided that the Capillary
number is small. This condition will not be fulfilled in a lami-
nar pipe flow if the Capillary number is greater than 0.1
(which corresponds to a small finite deformation of the drop)
and the Reynolds number below the critical Reynolds number
(Recrir ~ 2100 in single-phase flow), leading to a critical value
of an Ohnesorge number defined as:

He D g(¢) ,
Oh = ——— > Ohgyjy = 031 ———=—with
V Pc0T32 e 732/ Remcrit
g(p) =Lt (19
m Mm

In this relation, the function g(¢) is given by the Newtonian
behavior of the emulsion. For values of the Ohnesorge number
larger than this critical value, the drops will be deformed and
the emulsion behavior will no longer be Newtonian. This will
be the case in particular with small diameter tubes, high
concentration (<0.65), and high continuous phase viscosity.
Note that this range is limited by the occurrence of shear-
induced drop fragmentation, occurring at critical Capillary
numbers of the order of unity, for phase viscosity ratios
between 1072 and 10.*" A similar calculation can be made in
turbulent regime for drops size smaller than the Kolmogorov
length scale, using a critical value of the Capillary number
based on the viscous range shear stress and the emulsion
viscosity. Using classical scaling law of fully developed
turbulent pipe flow, the condition for having deformed drops
in turbulent flow without breaking will be given by:

D D
0.1 — <0.0274v/Re,Cay, < —  with
32 32

Un U,D
Cayy ="M and Re,, = Pm
g

(15)

Hin
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Small pipe diameter and high velocity will also favor drop
deformation in that regime. As expected, the effect of the
mixture viscosity is weaker than in laminar regime.

Intermediate regime

In a narrow range of mean velocity and concentration, the
flow regime is neither laminar nor turbulent. This regime
occurs for 0.35 < ¢ < 045, 0.56 < U, < 1.2 m/s and for
¢ = 0.31, U, < 0.85 m/s (see Figure 6). Mean velocity pro-
files have different shapes depending on mixture velocity
and phase fraction. Two typical mean velocity profiles meas-
ured in this regime are reported in Figures 12a, b for two
different concentrations at the same mean velocity (¢ =
043, U, = 1.2 m/s) and (¢ = 0.37, U,, = 1.2 m/s). The
mean velocity profiles of Figure 12 are clearly not symmetri-
cal. This shape is due to the fact that the average values do
not converge over a 4-s integration time scale and a much
longer integration time length should be chosen in that case.
This phenomenon is attributed to the alternation of laminar
and turbulent flow sections at low frequency, characteristic
of this intermediate regime.25 We can observe on these
graphs that the velocity profile of Figure 12a is closer to a
parabolic profile while that of Figure 12b is closer to a tur-
bulent profile, the maximal velocity being smaller in the lat-
ter case. Considering the increase of mixture viscosity with
the dispersed phase concentration (due to the effective vis-
cosity), the Reynolds number would be lower for ¢ = 0.45
than for 0.37, which is coherent with the velocity profiles
shapes. These results confirm the validity of the effective
viscosity concept in the intermediate regime.

For intermediate flow regime, effective viscosities were
deduced only from pressure drop measurements. The evolu-
tion of the pressure drop in the intermediate regime is char-
acterized by a transition between a linear behavior at low ve-
locity to a power law behavior at higher velocities, as illus-
trated in Figures 13a, b. There is no explicit wall friction
law for intermediate regime, but the mixture viscosity can be
determined with either the Hagen-Poiseuille (Eq. 11) or the
Blasius (Eq. 9) law, depending on mixture velocity. For ¢ =
0.36 (Figure 13b), pressure drop measurements are
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Figure 11. Evolution of the pressure drop as a function
of the mixture velocity at ¢ = 0.53.
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Table 3. Effective Viscosity in Laminar Regime at High

Concentration
Concentration ¢ 0.51 0.53 0.56
(Eq. 12) [y (Pa s)] 0.03 0.033 0.045
(Eq. 12, Vy max) [im (Pa s)] 0.031 0.035 0.049
Eilers (1941) 0.03 0.036 0.048

proportional to mixture velocity when U,, < 0.7 m/s and fit
the power law dP/dx oc UL’ when U,, > 0.7 m/s. For ¢ =
0.31, only two points correspond to the linear (but also par-
tially stratified) regime, whereas at ¢ = 0.43 (not shown in
this article), the linear regime is dominant. Viscosity values
identified in that way are presented in the following section.

Mixture viscosity model

There are many effective viscosity models for low inertia
suspensions and emulsions.'® In the case of Newtonian
emulsions, the model of Krieger and Dougherty29 for non-
Brownian monodispersed spherical particles is a reference
law:
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Figure 13. Pressure drop as a function of U, (a) ¢ =
0.31, (b) ¢ = 0.36, (—): dP/dx o Upn, (- - -):
dP/dx oc U},

te = /e = (1= ¢/ ) > (16)

where ¢,, is the concentration at maximum packing, which is
equal to 0.64 for a random packing. For polydispersed solid
suspensions, ¢, may take larger values (0.7-0.74). In the case
of a Newtonian emulsion with nondeformed drops, the internal
viscosity may be accounted for Pal*?, but in most of the cases,
even in the absence of surfactants, drops interfaces are
immobile due to the presence of contaminants and will behave
(if undeformed) as particles.33 As a consequence, for this type
of emulsion, the viscosity ratio is not expected to play a major
role. The empirical model of Eilers** established in the case of
bitumen emulsions illustrates this characteristic of a New-
tonian emulsion:
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Figure 12. Axial velocity profile. (a) ¢ = 0.43, U, = 1.2
m/s, Vyx max = 1.8 m/s, (b) ¢ = 0.37, U, = 1.2
m/s, Vy max = 1.6 m/s.
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where ¢, is the maximum packing fraction of drops without
deformation. In fact, the Krieger and Dougherty law and
Eilers’ law are very similar, they predict the mixture viscosity
of Newtonian emulsion like a hard sphere suspension, with the
maximum packing fraction ¢, being a fitting parameter
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Figure 14. Relative viscosity as a function of oil volume
fraction (¢, = 0.74).

(...): Eilers, (- —): Krieger and Dougherty. (@): Blasius
friction factor, (x): Hagen-Poiseuille friction factor.

accounting for polydispersity. Note also that the ¢,, value in
Egs. 16 or 17 is purely theoretical, in the sense that, for
polydispersed systems (which is always the case for liquid—
liquid dispersion), the Newtonian behavior will hold for
concentrations ranging up to 0.55-0.65. In the intermediate
region of concentrated emulsions (0.55-0.65 < ¢ < ¢n),
Newtonian behavior is no longer valid and the apparent
viscosity of the emulsion will be strongly dependent on drop
mean size and mainly on size distribution. In that range of
concentration, polydispersity will tend to reduce the emulsion
viscosity and a strong shear-thinning behavior is observed.®
For concentrations larger than ¢, (so-called highly concen-
trated emulsions), drop deformation will drive the emulsion
rheology, whereas below the intermediate concentration range
(¢ < 0.55-0.65), polydispersity and drop size have no effect
on the effective viscosity.

Mixture viscosity values identified in the different flow
regimes are plotted as a function of the concentration in Fig-
ure 14. In this graph, full symbols and crosses represent the
viscosity values determined in the turbulent and laminar
regimes, respectively. They are well fitted by Krieger and
Dougherty and Eilers’ laws with ¢, = 0.74, which are
nearly identical. Vertical bars represent here the maximum
uncertainty related to the pressure drop and flow rate mea-
surement (0dP ~ +8%, 6Q = +2%), the relative weight
effect of which is maximum in the turbulent regime. For in-
termediate flow regime, at ¢ = 0.31, 0.35, and 0.36, the
apparent viscosity was determined both with Hagen-Pois-
euille and Blasius’ laws leading to a correct framing of the
viscosity models. For ¢ = 0.43 and 0.45 when the flow
tends to be laminar, the experimental values of the mixture
viscosity calculated from the Hagen-Poiseuille relation are
slightly underestimated by the viscosity models.

Overall, it can be concluded that Eqgs. 16 and 17 give a
good prediction of the effective viscosity of the flowing
emulsion in all regimes, confirming the Newtonian hard
sphere-type behavior of the emulsion.
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Wall Friction Factor

Experimental values of wall friction calculated from Eq. 6
as a function of mixture Reynolds number using the viscos-
ity model of Krieger and Dougherty (Eq. 16), are displayed
in Figures 15a, b, and compared with the Hagen-Poiseuille
and the Blasius laws. Friction factor data have been col-
lected in the case of fully dispersed flows for Reynolds num-
bers ranging between 400 and 12,000, corresponding to con-
centration values between 0.08 and 0.56. These two extreme
cases do follow well the single-phase flow friction law, the
Hagen-Poiseuille law at low Re,, for ¢ = 0.56, and the Bla-
sius law at high Re,, for ¢ = 0.08. When increasing the con-
centration between 0.08 and 0.56, as expected, the friction
factor evolution with Re,, is also well predicted by these two
laws.

These results confirm the early work of Baron et al.'® in
the turbulent regime, of Cengel et al.'” and Faruqui and
Knudsen'® in the laminar and turbulent regimes, and of Pal'®
in both laminar and turbulent regimes, in the case of surfac-
tant-stabilized emulsion of the same size range as that stud-
ied in the present work.
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Figure 15. (@) Wall friction factor as a function of the
Reynolds number, (b) Zoom of the transition
region including Nikuradse experimental
data (...).
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However, Figure 15a exhibits some differences with single-
phase flow behavior which are worth to be pointed out. These
differences occur in the transition region which is shown in
expanded view in Figure 15b (including additional data sets).
In this graph, the dashed line represents the average curve of
Nikuradse®® data in single-phase flow. In the transition region,
this curve is above our experimental data, the closest data set
corresponding to it being that of ¢ = 0.31. As the concentra-
tion is increased, experimental data move downward away
from this curve, indicating a delay to transition toward fully
developed turbulence. The matching of Blasius’ law is
observed for a Reynolds number close to 5000 at ¢ = 0.37
and probably for a larger Reynolds number at larger concentra-
tions, although we could not collect data in that domain, due
to the insufficient pump power. Note also that the limit of
Newtonian emulsion, leading to a drag reduction effect
induced by the drop deformation,'® was investigated. The eval-
uation of this regime through Eq. 15 indicates that the present
range of flow parameters and the size distribution are far from
this condition (with the phase system investigated in this study,
beginning of drop deformation would be observed at a concen-
tration of 0.56 and a Re,, of 10%).

One can notice in Figure 15b that as the concentration is
increased, the laminar—turbulent transition is delayed from
Ren ~ 2100 up to Rey, ~ 3000 for the highest two concen-
trations studied in that regime (¢ = 0.43 and 0.45). Such a
result has not yet been reported for the case of a Newtonian
emulsion.'® However, focussing on the laminar—turbulence
transition of neutrally buoyant coarse suspensions, Matas
et al.>' have demonstrated an influence of particle size and
concentration on the critical Reynolds number. Whereas
large particles tend to lower the critical mixture Reynolds
number (based on the Krieger and Dougherty viscosity
model), smaller particles have no effect for concentrations
up to 0.25. Above this concentration, the critical Reynolds
number tends to increase (although the authors could provide
only a limited set of data for that range of concentration).
Although no explanation was proposed by Matas et al., such
behavior is consistent with the present results.

In addition to this effect of concentration in the transition do-
main and the increase of the critical Reynolds number, a slight
deviation from the Hagen-Poiseuille friction law is observed for
Reynolds numbers ranging between 1500 and 3000. In this
region, the absolute value of Reynolds number exponent is
slightly smaller than 1, and the coefficient slightly greater than
16, resulting in an upward shift of the friction factor compared
with the 16/Re,, curve. One plausible explanation for this shift is
the uncertainty in the pressure drop measurement and the differ-
ence between the exact value of the viscosity and that calculated
by the Krieger and Dougherty model. However, the alignment
on this curve over that range of Re,, of three sets of data at dif-
ferent concentrations (0.43, 0.45, and 0.51) suggests that this
trend originates from a physical mechanism. Such a mechanism
has been partially identified by the analysis of velocity field in
this range of Re,,. When Re,,, < 1500, the flow is laminar and
velocity fluctuations are negligible. When 1500 < Re,, < 3000
and ¢ > 0.43, the flow is still laminar but large amplitude low-
frequency fluctuations are observed and longer integration times
are necessary to obtain converged parabolic profiles. These low-
frequency fluctuations would explain that the slight increase of
the pressure drop (which is integrated over a longer time scale)
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in the laminar velocity signal possibly results from the interme-
diate regime low-frequency fluctuations, but we have no expla-
nation for the fact that they are not dissipated in this Reynolds
range or for the effect of the concentration in the intermediate re-
gime. It can be concluded that for a Newtonian emulsion, the
critical Reynolds number increases with the concentration and
the width of the mixture Reynolds range of the transition regime
also increases with the concentration. Such a trend should be
validated via further investigations. This problem seems to offer
promising test case for numerical simulations. However, only
direct numerical simulation method resolved at the scale of the
drop could reproduce the effective viscosity effect (such as the
force coupling method by Climent and Maxey>°). As the particle
size must be kept smaller than the Kolmogorov scale, such work
seems to be out of the range of present numerical capabilities
(see Sundaresan et al.’> for a discussion on this topic).

Conclusions

Homogeneously dispersed oil in water pipe flows were stud-
ied for a wide range of flow parameters (mixture velocity and
phase fraction). The dispersed phase is polydispersed with a
mean drop size of about 25 um and is stable during the meas-
urements. Local velocity measurements have been performed
at different mixture velocity and concentration, using PIV in a
matched refractive index medium. The velocity fields meas-
ured for a wide range of flow regimes have shown that the
emulsion behaves as a Newtonian single-phase flow in the tur-
bulent, intermediate, and laminar regimes. The effective vis-
cosity deduced from these velocity measurements is in agree-
ment with the evolution of the pressure drop as a function of
the mixture velocity in the different regimes. The evolution of
the viscosity with the concentration of the dispersed phase can
be described by both Krieger and Dougherty’s and Eilers’
models over the whole range of concentration (0 < ¢ <
0.56), setting the maximum concentration to 0.74. This result
validates the Newtonian behavior of the present emulsion.
Using this effective viscosity, the friction factor has been plot-
ted as a function of the mixture Reynolds number. The laminar
and turbulent regime trends match Hagen-Poiseuille’s and Bla-
sius’ laws, respectively. These results are in agreement with
the earlier work of Baron et al.,'® Cengel et al.,'” Faruqui and
Knudsen,' as well as that of Pal'® for stabilized emulsions.

However, above a concentration of 0.31, a delay to the
onset of transition is observed as the concentration is
increased (Re ~ 3000 for ¢ = 0.45), as well as the width
of this regime in terms of Reynolds number. Such flow
behavior is in agreement with the observations of Matas
et al.?! Further experimental and/or numerical investigations
are required in the transition regime to validate this trend.
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