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Abstract. Experiments on slug flow were carried out with compressed air and solutions of carboxymethylcellulose (CMC)
in a 44.2 mm diameter horizontal pipe. Bubble velocities and frequencies of passage were obtained through a high-speed
digital camera; pressure drop was measured with a differential pressure transducer. The flow behavior was found to
be heavily influenced by the rheological properties of the continuous phase. In particular, aeration, slug frequency and
pressure drop were largely increased. Pressure drop predictions obtained through two modified mechanistic models were
compared to the data. The impact of the proposed friction factor formulation on the calculated properties of the slug flow
is evaluated. For the best set of equations, RMS errors of 15.8% were obtained.
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1. INTRODUCTION

Slug flow is one of the commonest two-phase flow patterns to be found in industrial applications. The inherent
complexity of this class of flows means that much effort has been dedicated in literature to a proper understanding of its
essential mechanisms. The development of simple and robust methods for the prediction of the mean properties of slug
flows is a problem of utmost importance. In fact, the long and complex pipe systems often found in applications virtually
forbid the sole use of CFD for problem solution. The alternative is to appeal to substantial modeling from correlations
derived from experimental data.

The dependence of geometrical and dynamical parameters on flow models has been extensively studied over the last
decades. However, in most of the available published material the working fluid is Newtonian, in particular, water, glycerin
or oil.

Unfortunately, in the oil industry the occurrence of fluids with a non-Newtonian behavior is common. Typical exam-
ples of these fluids are drilling mud, cement slurry and fracturing fluids. Polymers injected during enhanced oil recovery
(EOR) projects and oil-water mixtures may also present a non-Newtonian behavior (Brill and Mukherjee, 1999).

The purpose of the present work is to carry out an experimental study of slug flow of non-Newtonian fluids. The gas
phase of the experiments is air; the liquid phase is a solution of carboxymethylcellulose (CMC). Three types of solution
were tested with CMC concentrations of 0.05, 0.1 and 0.2 (%w/w). The resulting rheological behaviour of the mixtures
was close to that of a power-law fluid with indexes n = 0.715, 0.642 and 0.619 respectively. Measurement of global
and local flow properties are provided. Bubble velocity and frequency were obtained through a Shadow Sizer System;
pressure drop was measured along the pipe length with a differential transducer.

The flow features were found to be strongly influenced by the rheological behavior of the fluid. In particular, flow
aeration, slug frequency and pressure drop were largely increased. Predictions of pressure drop obtained from two unit-
cell approaches (Dukler and Hubbard, 1975; Orell, 2005) are shown. The friction-factor formulation of Anbarlooei et al.
(2016) for power-law fluids is incorporated to the two theories for prediction of the losses in the liquid slug. All model
predictions are compared with the experimental data. Typically, a RMS error of 15.8% was obtained.

Studies on the behavior of slug flow of non-Newtonian fluids are not frequent in the literature. Rosehart et al. (1975)
carried out the first study on the characteristics of non-Newtonian slug flow. Capacitive sensors were used to assess
slug velocity, frequency and average holdup. Otten and Fayed (1976) followed up with measurements of pressure drop
in two-phase flows with solutions of Carbopol R© 941. Chhabra and Richardson (1984) evaluated flow pattern maps for
shear-thinning and viscoelastic fluids, observing little difference to the Newtonian case.

Recently, interest has resurfaced on the study of non-Newtonian fluids, motivated specially by applications related to
oil drag reducing polymers. The latest works discuss mechanistic (Xu et al., 2009; Jia et al., 2011; Picchi et al., 2015)
and CFD (Jia et al., 2011) modelling.
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2. EXPERIMENTS

The experiments were performed in the Laboratory of Multiphase Flow of the Interdisciplinary Centre for Fluid
Dynamics (NIDF) of the Federal University of Rio de Janeiro (UFRJ).

2.1 Experimental set up and instrumentation

A general overview of the horizontal multiphase flow loop is shown in Fig. 1. The test set up consists of an acrylic
pipe with total length of 12 m and internal diameter of 44.2 mm. The fluid mixtures (water and CMC) were prepared and
stored in a tank with capacity of 1.0 m3. A progressing cavity pump was used to transport the liquid phase at a constant
flow rate, thus minimizing the occurrence of high shear rates that would otherwise contributes to fluid degradation. The
gas was injected into the system through a T-junction at the pipe inlet. The fluid flow rate was controlled through an
electromagnetic flow meter. The gas flow rate was measured with a vortex flow meter; absolute pressure and temperature
transducers were used to determine the gas properties at the flow condition. A differential pressure transducer was used
to measure the pressure gradient along the pipe through a total of twenty pressure taps. All experiments were performed
at ambient temperature (of about 23.0 oC).
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Figure 1. Schematic diagram of the multiphase flow loop.

The non-Newtonian fluids were prepared in a reservoir equipped with a homogenizer, as shown in Fig. 1. This system
provides homogeneous fluid mixtures from dispersed CMC powder in deionized water. For the present work, the test
section was located 9 m away from the entrance. This section was enclosed by a square acrylic box; the space between
the flat walls and the pipe was filled with deionized water to minimize optical distortions. An upstream test section was
used to study the evolution of the slug flow properties along the pipe length. These results, however, are not discussed
here.

Bubble characteristics, including length, translational velocity and frequency, were measured with the aid of a Shadow
Sizer System from Dantec Dynamics. A constellation LED was used to diffuse the background illumination; the emission
interval was controlled through the high speed camera FlowSense MIII. The image illumination and lens focus were
adjusted to provide a high contrast between the bubble contour and the background. Typically, the flow statistics were
obtained from 5000 images, acquired at a rate of 100 Hz. Bubble frequency and all other flow characteristics were
obtained directly from the Dynamic Studio software, through image processing and contour detection algorithms.

2.2 Working fluid characterization

All experiments used compressed air as the gas phase. For the liquid phase, deionized water was mixed to the polymer
carboxymethylcellulose (CMC) with concentrations of 0.05, 0.1 and 0.2% (w/w). To prevent bacteriological deterioration,
a concentration of 0.03% by weigth of formaldehyde was added to the fluid sample. These mixtures provided transparent
fluids with low viscoelasticity and high solution stability.

The solutions were prepared in a 1.0 m3 vessel. Once the polymer was added to the water, the homogenization waiting
time was 1.5 hour. The mixture was then allowed to settle for 24 hours to permit the complete hydration of the polymer
molecules. Before running an experiment, solutions were mixed again for 30 minutes.

The rheological characterization of the CMC-water mixtures was performed in a Thermo Scientific rheometer, model
Haake Mars III. A thermostatic bath and temperature control system allowed adjustments of the fluid sample temperature
between 4 to 120 oC. The universal measurement unit was fitted with a cone-plate geometry that allowed measurements
of viscosities between 5 mPas to 205 mPas at a maximum shear rate of 7500 s−1. The rheometer controlled both the
stress and shear rate, depending on the ranges of viscosity and shear rate under observation. At the start and end of each
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experimental run, a sample of the working fluid was taken so that its rheological properties could be characterized and
analyzed to check for fluid degradation. Typical rheological characteristics of the solutions are presented in Fig. 2.

The resulting fluids show a behavior that approaches that of a power-law fluid, defined by:

τ = η(|γ̇|)γ̇, (1)

where the notation is classical, η(|γ̇|) = K |γ̇|n−1, and |.| is a Euclidean tensor norm.
The constant K is the proportionality consistency parameter, and n is the flow index, measuring the degree to which

the fluid is shear thickening (n > 1), or shear thinning (n < 1).

Figure 2. Characterization of the working fluids: (a) viscometric viscosity and (b) shear stress as a function of the shear
rate for the CMC solutions at 25 oC.

The properties of the fluids are shown in Tab. 1.

Table 1. Rheological properties of the liquids.

Liquid Concentration c (%w/w) K (Pa sn) n (-)
Water - 0.0009 1.00
CMC1 0.05 0.0263 0.715
CMC2 0.1 0.0827 0.642
CMC3 0.2 0.1567 0.619

3. MODELLING

3.1 Unit cell model for slug flow

In the unit cell models, the chaotic nature of slug flow is treated as a periodic repetition of an identical structure. In
the reference frame that moves with the bubble translational velocity, the flow can be treated as steady. Typically, the unit
cell is divided into two regions: the film and liquid slug. A general schematic of the structure is shown in Fig. 3.

Figure 3. Unit cell model structure. Adapted from Bandeira et al. (2016).

In addition to balances of mass and momentum, unit cell models rely on empirical correlations for closure. Some of
the variables that are usually considered are the frequency of passage of slugs (νt), the holdup in the liquid slug (Rs) and
the translation velocity (Vt).
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Here, we consider the models of Dukler and Hubbard (1975) and Orell (2005). They differ mostly through the choice
of closure relations and simplifications. For a full description of the models, see Bandeira et al. (2016). The former model
needs two correlations for closure: slug holdup and frequency. Here, we used the model of Andreussi et al. (1993) and
the correlation of Schulkes (2011), respectively.

3.2 Friction factor for shear-shinning fluids

Several recent works that consider unit cell modelling (Xu et al., 2009; Jia et al., 2011; Picchi et al., 2015) assume
that the friction coefficient is given by the usual expression:

fL = CLRe
−m
MR , (2)

where, according to Orell (2005), CL = 16 and m = 1 for laminar flow, and CL = 0.046 and m = 0.2 for turbulent flow.
The generalized Reynolds number of Metzner and Reed (1955) is given by:

ReMR =
8ρDnU2−n

K
(
6 + 2

n

)n , (3)

where D denotes the pipe diameter, U is the mean liquid velocity, K is the consistency index and n is the exponent of the
power-law model equation.

From Eq. (3) an effective viscosity can be obtained as:

µeff =
K

(
6 + 2

n

)n
D1−nUn−1

8ρ
. (4)

Here, we incorporate the effects of the fluid rheology on fL through the expression originally developed in Anbarlooei
et al. (2015), and perfected in Anbarlooei et al. (2016). Equation (5) is valid for flow of shear-thinning fluids. In fact, the
basis to its derivation is the direct numerical simulations of fluids with n ranging from 0.5 to 1.

As derived by Anbarlooei et al. (2015), fL can be written as

fL = (0.102− 0.033n+ 0.01/n)Re
−1/(2(n+1))
MR . (5)

Expressions (2) and (5) were used for the liquid friction factor in the film and slug regions, together with Eq. (4) as a
replacement for the liquid viscosity µL. The reference variables used were the hydraulic diameter and liquid velocity of
the region under consideration.

4. EXPERIMENTAL RESULTS

4.1 Slug flow characteristics

The addition of polymers to water even in very small concentrations leads to marked changes in the fluid rheology and
hence in the flow behavior. In the present tests, an important change in the flow features was the high degree of aeration
of the continuous phase.

For the water flow, the bubbles are few and concentrated in the upper part of the pipe (Fig. 4). As the concentration of
CMC increases, the effects of viscosity are enhanced. The bubbles remain dispersed in the continuous phase and do not
coalesce. The void fraction in the liquid slug increases substantially and remains reasonably homogeneous, as shown in
Fig. 5 for the 0.05% CMC solution.

For low shear rates, the shear-thinning fluid presents a higher apparent viscosity than the pure water. This slows down
the coalescence and increases the number of bubbles in the slug, see Fig. 5 for the 0.2% CMC solution.

Viscosity also plays an important role on the shape of the bubble nose and the instabilities shown in the bubble
silhouette. A comparison between the air-water flow (Fig. 4) and air-0.2% CMC solution (Fig. 6) shows a reduction in
surface distortions even for the highest liquid and gas superficial velocities.

4.2 Passage frequency of bubbles

Figure 7 shows the influence of flow rate and fluid rheology on the slug frequency. The evidence is that a decrease in
n increases the passage of bubble (νt). This effect is particularly pronounced for the lower liquid flow rates. In fact, for
the lowest liquid flow rate, the decrease of n results in an increase in slug frequency, of about 2 times for some conditions
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Figure 4. Air-water slug flow patterns for: (a) VSL = 0.72 m/s and VSG =0.27 m/s, (b) VSL = 1.27 m/s and VSG = 0.22
m/s, (c) VSL = 1.81 m/s and VSG = 0.43 m/s.
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Figure 5. Air-0.05% CMC solution slug flow patterns for: (a) VSL = 0.72 m/s and VSG =0.27 m/s, (b) VSL = 1.27 m/s
and VSG = 0.22 m/s, (c) VSL = 1.81 m/s and VSG = 0.65 m/s.

(n ≈ 0.64, 0.62). The gas flow rate exerts little influence on the observed frequencies. As the liquid flow rate increases,
the changing effects of n are minimized.

Authors have reported that drag reducing polymers may have an influence on the characteristics of interfacial waves,
which depend strongly on the existing level of turbulence in the flow (Soleimani et al., 2002). High levels of turbulence
distort the bubble interface leading to bubble breakup. On the other hand, most of the correlations found in literature
for the prediction of νt take VSL and Vm (together with g (gravity acceleration) and D) as the relevant parameters. The
physical properties of the flow are not considered since most experiments are conducted in air and water. The conditions
in which the flow is initiated in the present investigation (through a “T” junction placed on top of the pipe) is typical of
a gas jet in cross flow. Under this condition (and provided the injected gas is orthogonal to an oncoming flow) a vortical
system is formed consisting of horseshoe vortices, leading-edge/lee-side vortices, wake vortices and a counter-rotating
vortex pair (CVP). These vortical structures are responsible for a significant entrainment of the cross-flow fluid by the gas
jet, provoking bubble breakup (Suarez et al., 2016). An increase in viscosity enhances the entrainment and the breakup of
bubbles.

4.3 Bubble length, translational velocity and pressure drop

Bubble length is shown in Fig. 8. The increase in νt is duly accompanied by a decrease in bubble length (lf ). For the
lowest liquid and gas flow rates, the changes in size a appreciable. For n = 0.64 and 0.62, the reduction in size is about
50%. For the higher liquid flow rates (Ql = 7 and 10 m3h−1, VSL = 1.27 and 1.81 ms−1) the effects of changes in n are
still apparent but much reduced.
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Figure 6. Air-0.2% CMC solution slug flow patterns for: (a) VSL = 0.72 m/s and VSG =0.27 m/s, (b) VSL = 1.27 m/s
and VSG = 0.22 m/s, (c) VSL = 1.81 m/s and VSG = 0.65 m/s.
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Figure 7. Effect of flow rate and flow power-law index on slug frequency: comparison between air-water and (a) air-0.05%
CMC solution, (b) air-0.1% CMC solution, (c) air-0.2% CMC solution.

The translational velocity of the bubbles and the pressure drop for different flow rates and power-law indexes are
shown in Fig. 9. The shear-thinning behavior induces an increase in the slug translational velocity, as shown in Fig. 9. A
similar trend was observed by Picchi et al. (2015).

The increase in pressure drop as a result of the increase in n is clear (Fig. 9). This is an expected result in view of the
resulting increase in apparent viscosity. In fact, as we have just described, the increase in pressure is a combined effect of
the increase in friction coefficient and length of the liquid slug, which contains much of the gas present in the flow in the
form of small bubbles.

Figure 8. Effect of flow rate and flow behaviour index on the bubble length.

5. EVALUATION OF THE THEORETICAL MODELS

A comparison between the predicted and measured pressure drops for the models of Dukler and Hubbard (1975) and
Orell (2005) is shown in Figures 10 and 11.

The average relative errors provided by the models of Dukler and Hubbard (1975) and Orell (2005) with different
friction factor formulations, given by Eqs. (2) and (5), are shown in Tables 2 and 3, respectively.

The model of Dukler and Hubbard (1975) generally over predicts the pressure drop. The model of Orell (2005)
presents good agreement with the experimental data, despite also showing an over prediction of the measured pressure
gradient. Differences were specially notable for the higher liquid flow rates.

A comparison between Tables 2 and 3 indicates that the specialized friction factor formulation of Anbarlooei et al.
(2016) furnished better predictions with both the model of Dukler and Hubbard (1975) and Orell (2005). Regarding the
Dukler and Hubbard (1975) model, the use of Eq. (5) provided a slight improvement for the higher values of the power
law index; for n = 0.62, though, the relative errors were three times smaller than those obtained with Eq. (2). On the
other hand, the model of Orell (2005) showed better pressure drop predictions for higher values of n when Eq. (5) was
used. The relative error decreased about 4.6 times for n = 0.71.



IV Journeys in Multiphase Flows (JEM2017)
March 27-31, 2017 - São Paulo, Brazil

Figure 9. Effect of flow rate and flow behavior index on (a) the translational velocity of bubbles and (b) the pressure drop
along the pipe.

Table 2. Average relative errors for pressure drop calculated from the models of Dukler and Hubbard (1975) and Orell
(2005) with friction factor given by Eq. (2).

Dukler and Hubbard (1975)
VSL (ms−1) n = 1.0 n = 0.71 n = 0.64 n = 0.62

0.72 −41.94 % −47.26 % −30.63 % − 8.69 %
1.27 −19.72 % −43.97 % −50.71 % −18.66 %
1.81 −10.90 % −43.65 % −65.27 % −42.50 %

Orell (2005)
VSL (ms−1) n = 1.0 n = 0.71 n = 0.64 n = 0.62

0.72 − 3.59 % −17.01 % −13.77 % − 6.78 %
1.27 + 2.90 % −23.72 % −32.32 % −10.40 %
1.81 − 1.29 % −33.91 % −55.87 % −35.11 %

6. CONCLUSIONS

The experiments have shown that the presence of some additives in small concentrations in water may have a signifi-
cant impact in all of the dynamical characteristics of liquid slug. The present additives induced a shear-thinning behavior
in the water. Notably, the fluid features together with the gas entry process resulted in a very high aeration of the liquid
slug, in much higher frequencies of bubble passage, much shorter bubble lengths and very high pressure drops. In par-
ticular, slug frequencies and pressure drops increased by as much as 250% and 125%, respectively. Two unit cell models
were adapted to represent the phenomenon. The predictions incured in acceptable values of error. The model of Orell
(2005), in particular, had a RMS error of 10.9% when the liquid friction factor was estimated through the expression of
Anbarlooei et al. (2015).
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