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ABSTRACT

The development of a new technique for high spatial and temporal resolution film thickness
measurement in oil-water flow is presented. A capacitance measurement system is proposed to
measure thin water films near to the wall pipe. A planar sensor was chosen for sensing and some
geometries were compared using finite elements method (FEM). The penetration depth, the
sensitivity, the minimum spatial resolution (high spatial resolution) and the quasi-linear curve
were the analyzed characteristics. Dispersed and unstable-annular oil-water flows patterns were
studied in a 12-m long vertical glass pipe, with 50.8 mm of internal diameter, using mineral oil
(828 kg/m3 of density and 220 mPa s of viscosity) and tap water. The experimental work was
carried out in the multiphase-flow facilities of The Thermal-Fluids Engineering Laboratory
(NETeF) of EESC-USP. Experiments with a high-speed video camera and the proposed
capacitance system were performed to obtain images of the oil-water flow near the pipe wall. A
pre-processing enhancement algorithm and a combined segmentation algorithm are proposed and
allowed the measurement of characteristic space and time averaged water film thickness.
Experimental results of the capacitive technique showed that the system could measure thickness
between 400 um and 2200 pm. It was possible to recognize and characterize typical behaviors of
the two different flow patterns studied. Unstable-annular flow can be described by huge
fluctuations on the flow direction and perimeter direction, and big interfacial structures (drops).
On the other hand, dispersed flow has tiny fluctuations on the flow direction and perimeter
direction, and smaller interfacial structures (droplets). A typical interfacial topology is observed
near the pipe wall and it can be treated as an interface between wall and core regions. It is
analyzed in time and frequency domains: amplitude, velocity and wavelength quantities can be
related to the collected signal at each pair transmitter-receiver of the studied sensor. Correlations
for the interfacial-structure velocity were found for dispersed oil-in-water flow and unstable-

annular flow.

Key Word: Liquid-Liquid Flow, Film Thickness Measurement, Capacitive Sensor, Planar

sensor, Oil-Water Flow.
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RESUMO

Neste trabalho, € apresentado o desenvolvimento de uma nova técnica para a medicdo da
espessura do filme de dgua com alta resolucdo espacial e temporal em escoamento Gleo-dgua. E
proposto o uso de um sistema de medi¢do de capacitincia elétrica para medir filmes finos de 4gua
na proximidade da parede do tubo. O sistema conta com um sensor planar e foi necessario
determinar a melhor geometria via simulagdes baseadas no Método de Elementos Finitos (FEM)
para o caso de escoamento 6leo-dgua. As caracteristicas comparadas foram a profundidade de
penetracdo do campo elétrico no filme de dgua, a sensibilidade, a resolucio espacial minima e a
resposta quase-linear. Padroes de escoamento Oleo-dgua disperso e anular instdvel foram
estudados numa tubulagdo vertical de 12 m de comprimento, feita de vidro, com 50,8 milimetros
de didmetro interno. Os fluidos usados foram o6leo mineral (com densidade 828 kg/m3 e
viscosidade 220 mPas) e dgua da torneira. O trabalho experimental foi realizado nas instalagdes
de escoamento multifasico do Laboratério de Engenharia Térmica e Fluidos (NETeF) da EESC-
USP. Foi medida a espessura média do filme de 4gua usando o sistema capacitivo e uma camera
de video de alta velocidade. Para obter a espessura do filme de dgua a partir das imagens, foi
proposto um algoritmo de pré-processamento e um algoritmo de segmentacdo que combina
varios métodos disponiveis na literatura. Os resultados experimentais do sensor capacitivo
mostraram que o sistema pode medir espessuras entre 400 pm e 2200 um. O escoamento anular
instavel € caracterizado por grandes flutuacdes na no sentido do escoamento e na dire¢do do
perimetro, e estruturas interfaciais grandes (gotas). Por sua vez, o escoamento disperso tem
flutuagdes menores no sentido do escoamento e na direcdo do perimetro, e estruturas interfaciais
menores (goticulas). Uma topologia interfacial tipica € observada na regido proxima a parede do
tubo e pode ser tratada como uma interface entre a regido préxima a parede do tubo e a regidao do
nucleo. A andlise da interface foi feita no dominio do tempo e da frequéncia: grandezas como
amplitude, velocidade e comprimento da onda podem ser relacionadas ao sinal coletado em cada
par transmissor-receptor do sensor. Foi possivel estabelecer correlacdes para a velocidade das

estruturas interfaciais em escoamento de 6leo em dgua.

Palavras Chave: Escoamento Liquido-Liquido, Medi¢do de Espessura de Filme, Sensor

Capacitivo, Sensor Planar, Escoamento Oleo—Agua.
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1  INTRODUCTION

The demand of energy has been rising steadily in the past few years. Fossil fuels are
expected to continue supplying much of the energy used worldwide (Figure 1.1) (U.S. ENERGY
INFORMATION ADMINISTRATION, 2013) and many of these resources are harder to produce
at the present than in the past. The production difficulties are due in part to oil reservoirs
localization, i.e. most of them are offshore, at great depths under the sea, and in some cases, to
the high oil viscosity. Heavy oil represents a significant quantity of the total oil world reserves
(SANTOS et al., 2014). Oil is classified as heavy oils when its viscosity is higher than 100
centipoise (cP). Some challenges in the heavy oil recovery from reservoirs are the high flow
resistance, the pressure drop, the necessity of heating and dilution during transporting, and the
inherent increased costs. This scenario has created an interest in researching new technologies,

with the suitable characteristics, to improve the recovery factor of heavy oil fields

(BANNWART, 2001).

World marketed energy use by fuel type
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Figure 1.1 - World marketed energy use by fuel type (U.S. ENERGY INFORMATION
ADMINISTRATION, 2013).

Particularly, there is a growing attention on methods or technologies to improve the heavy

oil transportation process. The methods should be focus on decreasing flow resistance to enough

1



low values that the pumping requirements and pipeline size will guarantee that the process will be
economically viable (SANTOS et al., 2014). Lubricated transportation, using core-annular flow
and reverse emulsion (oil-in-water emulsion), has been used to reduce the effects of frictional
pressure loss caused by the viscous effects and the application in in heavy oil transportation is
promising (BANNWART, 2001; BANNWART et al., 2011).

Given the relevance of lubricated transportation of heavy oil and the lack of understanding
as far as the associated hydrodynamic phenomena are concerned, the goal of this research is to
study a recently developed instrument and apply it for the first time in oil-water flow to study the

flow near the pipe wall, where thin films are usually observed.

1.1 Core-Annular Flow

In core-annular flow, a water flow is injected in the pipe in a way that an annular flow
pattern is generated, with water near the wall surrounding an oil core. The water flow avoids the
oil from sticking to the pipe wall. Therefore, the wall shear stress is comparable to that observed
in single-phase water flow, resulting in a significant decrease of the pressure drop due to friction.
The more viscous the oil, the more intense the pressure-drop reduction. According to
experimental studies, for the core—annular flow pattern to occur it is necessary that the core phase
is much more viscous than the annular phase and that the volume fraction of the latter is lower
than that of the former (BANNWART, 2001). In some works, geometrical and kinematic
characteristics of the annular film have been studied, for example, Oliemans et al. (1987),
Bannwart (1998) and Rodriguez & Bannwart (2006). However, works devoted to the study of
detailed film topological properties and their relation with the hydrodynamic stability of the core-

annular flow pattern have not been found in the literature.

1.2 Dispersed Oil-in-Water Flow (Reverse Emulsion)

Dispersed oil-in-water flow pattern, where oil is dispersed as droplets into the water-
dominated flow, is common in crude oil transportation (MARTINEZ-PALOU et al., 2011). An
interesting feature of this two-phase flow pattern is the drag reduction phenomenon, the pressure
drop reaching values than can be even lower than those observed in single-phase water flow. The

occurrence of drag reduction without the addition of any drag-reduction agent in dispersed flow
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has been reported in some works (PAL, 2007, OMER & PAL, 2010; ANGELI & HEWITT,
1998; LOVICK & ANGELI, 2004b; IOANNOU et al., 2005; RODRIGUEZ et al., 2012), but it
has not been well understood yet. For instance, Rodriguez et al. (2012) observed a pressure-drop
reduction of up to 25% in a viscous oil-water dispersed flow.

One can see in Figure 1.2 the Drag Reduction Factor, (DRF = —(0p/0X)mixture/
—(0p/0x)ywater), as a function of the oil cut for a 26 mm L.D. acrylic pipe; drag reduction was
observed for water superficial velocities higher than 2.0 m/s (RODRIGUEZ, 2014). A
phenomenological model that assumes the existence of a thin water film adjacent to the pipe wall
was proposed to explain the drag-reduction mechanism, but it lacks experimental confirmation.
The model uses pressure-drop, holdup data and physical properties of the fluids to estimate the
water film thickness, see Rodriguez et al. (2012).
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Figure 1.2 — Drag Reduction Factor (DRF) in acrylic pipe for high water superficial velocities
(RODRIGUEZ, 2014).

The focus of this work is to verify experimentally the existence of the water film theorized
by Rodriguez et al. (2012) in fully dispersed oil-in-water flow and quantify it. Notice that since
the observed water-film region near the wall is not a region completely free from oil drops, an oil
droplet may eventually be seen near the pipe wall. Nevertheless, according to Rodriguez et al.
(2012), the oil droplets are always repelled towards the pipe core. The assumption that there is a

stable water film near the wall in fully dispersed oil-in-water flow, with a characteristic space and
3



time-averaged thickness, 0, is adopted in this work. In Figure 1.3 one can see an illustration of the
dispersed oil-in-water flow; the blue line indicates the water film approximation that is
considered by hypothesis in this work. The blue line represents the time and space-averaged
water-film boundary that separates the water-film wall region (annulus) from the oil-in-water
mixture (core). This pragmatic model is chosen since it allows the measurement of time and
space-averaged water-film thickness with simplicity through both optical and electrical-
impedance techniques. In addition, the water-film thickness is measured in core-annular flow as

well.

Water film thickness 6 — |
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Figure 1.3 — Illustration of the water-film region near the pipe wall in dispersed oil-in-water flow.

It is relevant to point out that several measurement techniques have been developed for the
investigation of multiphase flows. Moreover, the existing literature covers mainly applications in
gas-liquid, and liquid-liquid flows using liquids with low viscosity (close to the water viscosity).

These techniques are not always appropriate for viscous liquids.

1.3 Objectives

The main goal of this research project is to develop new experimental techniques to study
water films in viscous-oil-water flow.

The following aims are proposed:



1) Literature review of dispersed and core-annular flow with special attention paid to
liquid films and measurements.

2) Literature review of multiphase-flow instrumentation, especially impedance-based
sensors, with special attention paid to applications in liquid-liquid flow.

3) Test and characterization of a new liquid-film-thickness measurement system with
high temporal and high spatial resolution.

4) Application of the measurement system and development of an experimental
methodology for the investigation of film characteristics, such as topology and
velocity.

5) Acquisition of new oil-water flow data of turbulent fully dispersed oil-in-water
flow.

6) Development of techniques for image and signal processing to visualize and analyze

the data, respectively.

1.4 Overview of the Research

This thesis is divided into seven chapters, including this introduction. Chapter 2 presents a
literature review on flow patterns in vertical oil-water flows, models and experimental studies on
core-annular and dispersed flow, interfacial waves and multiphase-flow instrumentation. Chapter
3 provides details on the experimental set-up, facilities, equipment, instrumentation, test fluids
and Finite Elements Method simulations setup. Chapter 4 presents the proposed measurement
system and the experimental procedures. In Chapter 5, the development of a methodology for
film-thickness measurements using high-speed camera images is presented. In Chapter 6,
experimental results, including finite element method (FEM) simulation results and capacitance
sensor results, the interfacial structure is studied using the proposed measurement-system data
and the high-speed-camera image data. A summary of this research and recommendations for

future work are given in Chapter 7.






2  LITERATURE REVIEW

In the next sections are reviewed the basic definitions of liquid-liquid flow and flow
patterns, such as core-annular and dispersed flows. Moreover, a review of techniques for

measurement of film thickness in oil-water pipe flow is presented.

2.1 Basic Definitions of Liquid-Liquid Flow

Considering oil and water flowing in a vertical pipe with cross-section area A. The input
volumetric flow rates of oil and water are q, and q,,, respectively (SHOHAM, 2006). The input

volumetric oil and water fractions are given by:

¢,=—— @
q,t4q,

o, =— (02
qo + qW

where c,, refers usually also to water cut .
Superficial velocities of oil and water are based on the input flow rates and the cross

sectional area of the pipe and are defined by:

v =4 (2.3)
A

v =9 (2.4)
A

The in-situ velocity is different from the superficial velocity because the velocity is
calculated from the volumetric flow rate passing a smaller area than the cross sectional area. If
the cross section areas occupied by oil and water are respectively A, and A4,,, the in-situ

velocities can be calculated as:

q

v, =4 25

= 2.5)
q

v, = (2.6)
A,



If one considers volume fraction as being area averaged quantity, then oil holdup and water

holdup, h, and h,, can be written as

h:

o

>

. @)

A
PooA (2.8)
A

w

However, holdup measurements are usually obtained via the collecting of volumes, rather

than on cross-sections, then the volumetric holdups are defined as

_Vol, 2.9)
* Vol, '
Vol
h, = P, (2.10)
Vol,

where Vol, and Vol,, are the volumes of oil and water, respectively and Vol; is a given total

volume:
Vol +Vol =Vol..  (2.11)

The mixture velocity is defined by dividing the total volumetric flow by the cross sectional

area of the pipe:

m

v =49 (212
A

Notice that the mixture velocity can also be given by:

vV, =V_+V,. (2.13)

The slip ratio (S) is defined as a relation between the two phases’ in-situ velocities and it is

defined as (RODRIGUEZ et al., 2011):

GV _AV,
‘/w Ao‘/sw (2 14)

If the slip ratio is greater than 1, it means that the oil flows faster than water; while if § is
less than 1, it shows that the water is the faster phase. For same phases’ velocities, S = 1.

Another parameter used in oil-water flow is the drag-reduction factor (DRF). DRF is the
ratio between the measured two-phase flow pressure gradient and the equivalent single-phase

water pressure gradient at same mixture flow rate.



W (2.15)
ox ),

where(dp/0x),, is the pressure drop of the oil-water flow and (dp/dx),, is the pressure drop of
single-phase water flow at same mixture flow rate of the oil-water flow. If the pressure gradient
of oil-water flow is lower than that of single-phase water, the DRF is < 1, which indicates drag

reduction (RODRIGUEZ et al., 2011).

2.2 Flow patterns in OQil-Water Vertical Flow

Many aspects influence the flow patterns, as fluid properties, flow rates, pipe geometry and
orientation and operational conditions (e.g. temperature and flow direction). They influence
quantities such as heat and momentum transfer capabilities, pressure gradient and mass transfer.
Each flow pattern has its own hydrodynamic characteristics, therefore it is necessary to identify it
a priory for better predicting oil-water flow behavior.

The oil-water flow patterns in an upward vertical pipe flow can be grouped into two
categories: water-dominated flow (oil-in-water flow) and oil-dominated flow (water-in-oil flow)
(FLORES et al., 1997). In Figure 2.1, it is presented the flow patterns classification proposed by
Flores et al. (1997).

Water Dominaled Flow Pattems Qil Dominated Flow Pattems
Dispersion Very Fine Dispersion Gil in Water Waler in OQil Dispersion Very Fine Dispersion
Oil in Watar Oil in Water Chum  Flow Chum  Flow Water in Cil Water in il
(o Y o

Figure 2.1 - Flow patterns in upward vertical oil-water flow with oil viscosity of 20 cP. (FLORES
et al., 1997)



Bannwart et al. (2004) identified four basic flow patterns: bubbles, dispersed bubbles,
intermittent and annular, in heavy oil-water flow (oil 500 times more viscous than water), Figure

2.2.

Dispersed Bubbles Bubbles Intermittent Annular

Figure 2.2 - Flow patterns in oil-water upward vertical flow with oil viscosity of 488 cP.

(BANNWART et al., 2004)

Govier et al. (1961) identified four basic flow patterns, i.e., drops of oil-in-water, oil slugs,
froth and drops of water in oil. In Figure 2.3 the flow-pattern classification proposed by Govier et

al. (1961) is presented (the oil viscosity was 20.1 cP).
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Figure 2.3 — Flow patterns in oil-water upward vertical flow with oil viscosity of 20.1 cP.

(GOVIER et al., 1961)

In Table 2.1, some experimental studies about oil-water flow patterns in vertical pipes are

listed. In most of the reported studies, the identification of flow pattern has been based on visual
10



observations, high speed photographic and impedance probes. The classifications of flow pattern
are subjective and often different from one another. It is important to note that a classification

that covers the entire range of possible oil viscosities has not yet been reached.

Table 2.1 - Experimental studies about oil-water flow patterns in vertical pipes

Diameter | . Oﬂ. . Pattqrp
Reference viscosity Defined patterns recognition
(mm) :
(mPa.s) technique
Govier et al. 26.36 20.1, Drops of oil-in-water. Visual
(1961) 150 and Slug of oil-in-water. observation
936 Froth of water in oil.
Drops of water in oil.
Flores et al. 50.8 20 Dispersion of oil-in-water. Conductance
(1997) Very fine dispersion of oil-in-water. probe
Oil-in-water churn flow.
Dispersion of water in oil.
Very fine dispersion of water in oil.
Dong et al. 125 Not Bubble flow. Electrical
(2001) reported Slug flow. resistivity
tomography
Bannwart et al. 28.4 488 Bubbles. Visual
(2004) Dispersed bubbles. observation
Intermittent.
Annular.
Du et al. 20 12 Very fine dispersed oil-in-water flow. Mini-
(2012) Dispersed oil-in-water flow. conductance
Oil-in-water slug flow. probes
Water-in-oil.
Transition flow.
Mydlarz- 30 29.20 Drops of water in oil. Visual
Gabryk et al. Transitory area. observation
(2014) Drops and plugs of oil-in-water.
Drops of oil-in-water.
Kee et al. 102 2 Dispersed globules flow. Visual
(2014) Dispersed droplets. observation

2.3 Annular Flow

The liquid-liquid annular pipe flow (or core-annular flow) of two immiscible liquids with
very different viscosities has been studied as an efficient and low cost method for producing
heavy oils in vertical wells using water as a lubricant (BANNWART et al., 2004; BANNWART,
2001; BANNWART et al., 2011). Water is injected in the pipe so that it flows as an annular film

adjacent to the pipe wall, whereas oil flows in the core region, Figure 2.4. Water keeps the oil
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from sticking to the pipe wall; therefore the wall shear is comparable to that of single phase water

flow. This reduces the required pumping power and the operational costs (GHOSH et al., 2009).

Figure 2.4 - Core-annular flow pattern.

The physical model of a two-phase flow is formed by a system of mathematical equations
dependent on the flow conditions. In addition, constitutive relations are necessary to describe the
mass exchange, momentum and energy transfer between the phases and the contours (walls). The
constitutive relations also are dependent on the flow conditions. State equations, initial and
boundary conditions are also required.

One can see in Table 2.2 a summary of studies on annular flow in pipes; most of them are
experimental works in horizontal pipes. There are few works focused on the measurement of
water film thickness.

Oliemans et al. (1987) performed experiments and proposed models for holdup and
pressure drop prediction. They proposed a modified lubrication film model by incorporating the
effect of turbulence in the water annulus. The authors presented empirical correlations to predict
holdup and wavelength of the oil-water interface.

Bai et al. (1992) performed core-annular flow experiments. The most important result was
the characterization of the bamboo waves in upflow and corkscrew waves in downflow. It was
observed a pressure reduction of 200 times using core flow in comparison with single-phase oil
flow. The experimental results were compared with predictions of the linear theory of stability

and perfect core-annular flow theory.
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Table 2.2 - Summary of Experimental Studies on oil-water annular flow in pipes.

Reference Vi;)sgn(/fg/gl d Oil \EICS;)O sity (3321;?;0&?;? Measurements Meters
Oliemans et al. 0.5-1and 3000 Horizontal and Wave length HSC
(1987) 0.03-0.25 50 Shape and
amplitude;
Pressure gradient
Bai et al. 0.003 -0.79 600 Vertical and Pressure DPT
(1992) and 0.003 -3 9.5 gradient; VO
Flow patterns
Arney et al. 0.20-1.16 and 390 Horizontal and Pressure drop Manometer
(1993) 0.061-0.65 15.9 Holdup Ball valves
Bannwart 0.25-0.62 and 2700 Horizontal and Wave speed HSC
(1998) 0.03-0.28 Vertical 22.5
Bai & Joseph 0.045-0.13 600 Vertical and Wave speeds; HSC
(2000) and 0.02 22.5 Wave shapes
Rodriguez & 0.007 - 2.5 500 Vertical Wave speed; HSC
Bannwart and and Wave length;
(2006) 0.04-0.5 28.4 Amplitude and
Wave profile
Holdup
Grassi et al. 0.02- 0.7 and 800 Horizontal Flow patterns; VO
(2008) 0.02-2.5 (Angles -15 to Frictional DPT
+15) and 21 pressure
differential
Sotgia et al. 0.19-0.97 and 919 Horizontal and | Pressure drop; DPT
(2008) 0.01-2.5 21 to 41 Flow pattern VO
Rodriguezet | 0.88 -1.82 and 500 Horizontal and | Pressure gradient DPT
al. (2009) 0.14 - 0.50 vertical
28.4
0.8,1.0and 1.1 36950 Vertical and 77
0.24
Balakhrisna et 0.1-1 200 and 1.2 Horizontal and Pressure drop; DPT
al. (2010) and 12-25.4 Flow patterns VO
0.1-1
Strazza, Grassi, | 0.05 —0.7 and 900 Horizontal Flow patterns; VO
etal. (2011) 02-1.5 (Angles -10 to Pressure drop DPT
+15) and 22 and CP
Holdup
Strazza, 0.19-0.67 and 900 Horizontal and Holdup CP
Demori, et al. 0.45-2.04 21 QCV
(2011)
Strazza & 0.71 and 900 Horizontal and Pressure drop DPT
Poesio (2012) 0.32 - 1.69 22

HSC: High-speed camera, DPT: Differential Pressure Transducer, VO: Visual Observation, QCV: Quick

Closing Valves, CP: Capacitance Probes




An experimental work with heavy oil is presented by Arney et al. (1993). The main
contribution of the work is a correlation to estimate the holdup. Pressure drop and holdup values
are also presented. An important finding is than when the oil sticks to the pipe wall the pressure
drop increases, producing a corresponding rise in the friction factor.

In Bannwart (1998), it is presented a study of the speed of interfacial waves observed in
core-annular flow of viscous oil and water. The horizontal and vertical experiments are compared
with the kinematic wave theory. The theory provides information on the wave speed, the slip
ratio and volumetric fraction of the core. The theory results have very good agreement with
experimental data. It was developed a general correlation for the volumetric fraction of the core
in core-annular flow at low viscosity ratio. The proposed correlation includes the effect of fluid
properties and can be applied to upward, downward and horizontal flows.

Bai & Joseph (2000) presented a perturbation theory for flow and interface shapes of a
highly viscous dispersed phase in core-annular flow. The theoretical results were compared with
the experimental results. The theory was able to give a good description of the bamboo waves
under certain conditions.

Rodriguez & Bannwart (2006) proposed a correlation for oil holdup estimation in fully
developed core-annular flow, which considers the presence of interfacial waves and turbulent
water flow. Furthermore, an experimental study on interfacial waves observed in core flow was
made. The measured parameters were wave speed, wave length, amplitude and wave profile of
interfacial waves, oil holdup and holdup ratio. The holdup was measured indirectly by measuring
the speed of interfacial waves. This method presented good agreement with a direct optical
measurement method. An important conclusion is that the oil core always flows faster than the
water annulus in upward vertical flow.

Grassi et al. (2008) made an experimental work with the objective of validate theoretical
models for core-annular and oil-in-water dispersion. The chosen models were the two-fluid
model for core-annular flow and homogenous model for oil-in-water dispersion. Both models
were found effective to predict the pressure gradients with an accuracy of 20%.

Sotgia et al. (2008) studied oil-water flow in seven different pipes with diameters between
21 to 40 mm. The results obtained were compared to empirical laws, theoretical findings and
experimental results by different authors of the literature. The studied parameters were pressure

drop, flow patterns and transitions and pressure reduction in core-annular flow. The authors
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concluded that the peak of pressure reduction is near to the transition between the annular and
stratified flow regimes. An empirical law for the location of the annular/stratified transition was
proposed.

Pressure drop in core-annular flow was studied in two different experimental setups by
Rodriguez et al. (2009). The authors proposed a model for pressure-loss prediction in core-
annular flow. The model was compared with other models and data in the literature and full-scale
experimental data. It was reported an important decrease in pressure drop in the full-scale
experiments.

The behavior of oil-water flow going through sudden contraction or expansion is studied in
Balakhrisna et al. (2010). Flow patterns are observed for high viscous and low viscous oils. Three
flow patterns were identified: core-annular flow, oil dispersed flow and plug flow. It was shown
that the pressure profiles depend on the change of area and fluid viscosities. The pressure drop is
less intense for core-annular flow than for other flow patterns.

In Strazza, Grassi, et al. (2011) it is presented an experimental study on oil-water core-
annular flow in horizontal and inclined systems, particularly are shown flow maps, pressure drop
and holdup data. Some theoretical models to predict core-annular flow existence limits and
pressure drops are compared to the experimental results. The pressure gradient reduction for
heavy oils transportation is remarkable.

Strazza, Demori, et al. (2011) developed a capacitance probe for holdup measurements in
core-annular flow. The results were compared with quick closing valves and a capacitance model
of the fluids with good agreement. In Strazza & Poesio (2012) it is presented a study of the start-
up of core-annular flow from a stratified arrangement, focusing on the pressure drop and using
water to clean the pipe up. It is measured the maximum pressure drop that occurs during start-up
and the time required to remove the thin layer of oil stuck to the pipe wall. A comparison

between the experimental data and a model available in literature was made.

2.3.1 Holdup Prediction for Annular Flow

Some empirical relations for holdup determination are presented in Table 2.3.
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Table 2.3 — Empirical relations for holdup in oil-water annular flow

Reference Holdup Correlation
Oliemans et al. 5
ogn h, =cw[1+0.2(1—cw)}
Arney et al. h,=c,[1+0.35(1-c,)]
(1993)
Bai et al. h, 1
(1992) I v
[1 +0.72 ij
W For Vertical Upflow
Bannwart V (l—h )—sV h =0 .
(1998) 5o © oo Horizontal system
V.(I-h )-sV h =V _F(h )=0,
“‘( 0 ) o'swio  Tref ( 0 ) Vertical system
where s, = 2 and
_(p,-p,)8D’
ref 16/,!0
F(h)=-h[2(1=h,)+(1+h,)Ink, ].
Rodriguez & The drift-flow relation can be written as:
Bannwart V,(=h)—sV, h —cV h'(1-h)" =0
(2006) ‘ ‘ '
where V., is the oil superficial velocity, V;, is the water superficial velocity and
Vref is:
1 n
L _ 2-n; DD 2’7”.
RN (uj p:gDD
. p2 /’l2
4= 7-3n,
4-2n,

where, ¢ = 0.0122, m = 0, g is the gravitational constant, D is the pipe
diameter, p is the density, u is the viscosity, and subscripts 1 and 2 stand for oil
and water, respectively. The constants a; and n; are 0.079 and 0.25, respectively,
for transitional/turbulent annulus flow or a; = 16 and n; = 1 for laminar
annulus flow.

Rodriguez et
al. (2009)

The holdup can obtained from the solution of the equation:

V. (1-h)-1.17V_ h —0.02h " =0.

swo

2.4 Dispersed Oil-in-Water Flow

The oil-in-water dispersed flow pattern, where the oil is dispersed as droplets into the water
(Figure 2.5), occurs in liquid-liquid pipe flow at high velocities. This pattern is common in crude

oil production and offshore pipelines; however, it has not been studied as intensively as separated
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or intermittent flows. The dispersed oil-in-water flow pattern can be stable or unstable, which

refers to the capability of the dispersed phase to coalesce.

Figure 2.5 — Oil-in-water dispersed flow pattern.

Oil-in-water dispersed flow can flow under laminar or turbulent regimes. Turbulent
dispersed oil-water flow has an interesting feature: the drag reduction phenomenon (DRP). The
drag reduction phenomenon can be defined as a reduction in two-phase pressure gradient when
compared to that of an equivalent single-phase flow, see section 2.1.

An experimental work on laminar and turbulent flow behaviors of oil-in-water emulsions
was presented by Cengel et al. (1962). The comparison parameter was the viscosity. The authors
concluded that the apparent viscosity does not depend on the Reynolds number and pipe diameter
for laminar flow with low oil holdup. The apparent viscosity decreases when the Reynolds
number increases, for oil fractions between 20% and 50%. Additionally, the apparent viscosity
depends on the pipe inclination for oil fractions larger than 50%. The emulsions showed a drag
reduction behavior in the turbulent region and this behavior was increased with the increase of
the oil fraction.

Angeli & Hewitt (1998) carried out pressure-gradient measurements in horizontal oil-water
flow in two different pipes (steel and acrylic). The pressure gradients measured in the acrylic tube
were lower than those measured in the steel tube. The differences could be explained by the
different wetting characteristics. The friction factors were lower than those expected for single-

phase flow when oil was the continuous phase and about the same when water was the
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continuous phase. The authors mentioned that flow characteristics had not been understood
completely and more studies would be needed. Under the same flow conditions, Angeli & Hewitt
(2000a) presented an experimental study on drop size and the interfacial area. The measurements
were made using an endoscope. The endoscope was able to reach other regions in the pipe than
that near the pipe wall. Two tubes of different materials (steel and acrylic) were used and it was
possible to conclude that the pipe material affect the drop size.

In Lovick & Angeli (2004a), drop size and distribution in horizontal dispersed flow were
studied. Drop velocities and chord lengths were measured at different locations with a double
sensor impedance probe. The experimental data were compared with existing models, and the
agreement was poor. At similar experimental conditions, Lovick & Angeli (2004b) measured
pressure gradient, holdup and phase distribution in dual continuous flow. For all the experiments,
the two-phase pressure gradient was lower than the measured in single-phase oil flow at the same
mixture velocity. At the lowest mixture velocity, there was little variation of the pressure gradient
with volume fraction. At the other velocities, the addition of water in single-phase oil resulted
initially in a decrease in pressure gradient, even reaching values lower than those obtained with
single-phase water flow. Another important parameter was the velocity ratio (defined as the ratio
of the in-situ oil to water velocity, V,/14,). The velocity ratio increased during dual continuous as
the oil input fraction increased. At high input oil fractions, however, the velocity ratio decreased
as the mixture velocity increased. The authors concluded that this behavior could be explained by
the change of interface shape.

In Rodriguez & Oliemans (2006), experimental results of pressure gradient, flow patterns
and holdup are presented. The studied flow patterns were stratified and dispersed. The
measurements were compared to the two-fluid model for stratified flow and the homogeneous
model for dispersed flow. For the stratified flow patterns, the two-fluid model had the best
agreement for water holdup and pressure gradient predictions. Otherwise, the homogeneous
model was better for dispersed flow patterns. This behavior was similar in horizontal and vertical
flows.

Zhao et al. (2006) performed experiments to determinate the local interfacial-area
concentration, the local oil-phase fraction, interfacial velocity and oil-drop Sauter mean diameter
of an oil-water upward vertical pipe flow. The measurements were made using a double-sensor

conductivity probe. They related water flow rates with the local oil phase fraction, oil-drop Sauter
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mean diameter and the interfacial velocity. The local oil phase fraction and oil-drop Sauter mean
diameter decreased with increasing the water flow rate (at constant oil flow rate) and the
interfacial velocity increased. An interesting finding was that the measurements do not depend on
the sampling frequency of the double-sensor conductivity probe when the sampling frequency is
higher than 40 kHz.

Pal (2007) proposed that drag reduction in dispersions is caused by a significant reduction
in effective viscosity of the dispersion when the flow regime changes from laminar to turbulent.
This reduction occurs due to extensive stretching of droplets in the direction of flow. The degree
of reduction is higher when the oil is the continuous phase. However, his model was not able to
fit the experimental data at several flow conditions.

A dual-plane electrical impedance tomographic technique was used to study oil-in-water
vertical pipe flow (LI et al., 2008). The local volume fraction distributions and velocity profiles
obtained via tomography was compared to that obtained by a local conductance probe. The
electrical impedance tomography showed to be highly sensitive to the accuracy of the electrical
measurements and the chosen image reconstruction algorithm. In general, there was a good
agreement between electrical impedance tomography and conductance probe. The conductance
probe offered a better description of the velocity profiles. It is necessary to improve the
calibration and the reconstruction algorithm.

In Wang et al. (2011), it is presented an experimental study of pressure gradient and flow
patterns in oil-water flow. It was observed that at low water fractions the flow was fully
dispersed, while at intermediate ones water started to segregate as the mixture velocity increased.
At high water fractions, water continuous layers formed and the pattern was either separated or
annular with an oil continuous emulsion in the core. Pressure drop increased as the oil continuous
emulsions occupied the whole pipe, but it decreased when water started to segregate and form a
separated layer.

Picchi et al. (2015) investigated a dilute and highly viscous oil-in-water dispersion. They
measured holdup data using the QCV technique and a capacitance probe. It was measured
pressure gradient too. The results were compared with a two-fluid model and homogenous model.
The experimental data had a good agreement with the homogeneous model predictions for low

holdup values. The two-fluid model had a better agreement for entire range of oil holdup. An
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important conclusion of this work is that the slip ratio was greater than unity, thus the oil was
flowing faster in the pipe.

A literature review on experimental studies in oil-in-water dispersed flow in pipes is
summarized in Table 2.4. In the most of the works, low-viscosity oils were used. In this work, it
is used a high-viscosity oil. Water-film studies were not found. The instrumentation is made of
differential pressure transducers, quick closing valves and video cameras. In few cases, there
were impedance sensors and gamma densitometers. Studies that relate the characteristics of the
liquid film, as amplitude and frequency of interfacial waves, with the drag reduction phenomenon

were not found.

Table 2.4 - Summary of Experimental Studies on oil-water dispersed flow in pipes

Oil Orientation
Reference Vo (m/s) and Vi, viscosity | and diameter | Measurements Meters
(m/s)
(cP) (mm)
Cengel et al. - 0.976 Horizontal Pressure DPT
(1962) and vertical gradient
22.2
Nadler & Mewes 0.1to 1.6 22,27 Horizontal Pressure DPT
(1997) and and 35 and 59 gradient
0.1to 1.6
Angeli & Hewitt 0.3to3.9and 1.6 Horizontal Pressure DPT
(1998) 0.3t03.9 and 24.3 gradient
Angeli & Hewitt, 0.3t0 3.9 and 1.6 Horizontal Drop size Video with
(2000b) 0.3t0 3.9 and 24.3 endoscope
Lovick & Angeli 0.3t02.0 6 Vertical and Flow patterns HSC
(2004a) and 38 Size and vertical | Conductivity
0.3t02.0 distribution of | and impedance
drops probe
Dual sensor
impedance
probe
Lovick & Angeli 0.08 to 2.7 6 Vertical and Pressure DPT
(2004b) and 38 gradient QCV
0.08 to 2.7. Holdup Impedance
Phase probe
dsitribution
Toannou et al. Large pipe 3.5 to 2.3 Horizontal Pressure DPT
(2005) 5 and 60 and gradient Impedance
Small pipe 32 Flow patterns rings
4t07

HSC: High-speed camera, DPT: Differential Pressure Transducer, VO: Visual Observation, QCV: Quick
Closing Valves, CP: Capacitance Probes, Wire-Mesh Sensor: WMS
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Table 2.4 — (Continuation) Summary of Experimental Studies on oil-water dispersed flow in

pipes
Oil Orientation
Reference Vo (m/s) and Vs, viscosity | and diameter | Measurements Meters
(m/s)
(cP) (mm)
Hussain et al. 0.72to 1.7 and 1.6 Horizontal Holdup Gamma
(2008) 0.72to 1.7 and 25.4 densitometer
Li et al. (2008) 0.027 to 0.124 1.6 Vertical and Holdup Dual-plane
and 80 Velocity profiles electrical
0.3t00.5 impedance
Tomography
Conductance
probe
Xu et al. (2010) 0to 1.87 44 Vertical and Pressure DPT
and 50 gradient QCV
Oto1.24 Holdup High-speed
Flow patterns camera
Wang et al. (2011) 0.09 to 0.72 628.1 Horizontal Pressure DPT
and and 25.4 gradient VO
0.01 t0 0.77 Flow patterns QCV
Holdup
Rodriguez et al. 0.27 to 3.6.and 100 Horizontal Holdup WMS
(2011) 0.09 to 2.8 and 26 Phase QCV
distribution HSC
Flow patterns
Rodriguez et al. 0.27 to 3.6.and 100 Horizontal Pressure DPT
(2012) 0.09 t0 2.8 and 26 gradient WMS
Holdup QCV
Phase HSC
distribution
Picchi et al. (2015) 0.02 to 0.15 900 Horizontal Pressure DPT
and and 22.8 gradient QCVv
0.74 to 2.83 Holdup CP

HSC: High-speed camera, DPT: Differential Pressure Transducer, VO: Visual Observation, QCV: Quick

Closing Valves, CP: Capacitance Probes, Wire-Mesh Sensor: WMS

2.4.1 Dispersed Oil-in-Water Models

The prediction of pressure gradient in dispersed oil-water flow is usually made by using the
homogeneous model. When there is doubt about preponderant topology of the flow pattern, as in
stratified flow with mixture at the interface or dual continuous flow, the two-fluid model can also

be applied.
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The homogeneous model assumes that: (1) the two phases can be treated as a pseudo
single-phase fluid with suitable average properties that obeys the equations of single-phase flow;

and (2) the slip ratio is 1. The pressure gradient is often given as:

[6_])) __ nsonPson¥

ax 2D - m,homg Sin 9 (216)

Here fi, pmo 1s the mixture friction factor, p,,; pom i the mixture density, V;, is the mixture

velocity and D the pipe’s internal diameter.

V=V _+V_  (2.17)

pm,hom = pwhw,hom + (1 - hw,hom )100 ’ (2 1 8)

where the water and oil holdups are, respectively:

B =—2 . 2.19)
VL,
ho,hom = 1 - hw,hom (220)

And the friction coefficient can be determined by inserting the mixture Reynolds number

into, for instance, the Blasius equation:

fonom =0312Re " (2.21)

V. D
Re = pm—m (2.22)

m,hom
m

Single-phase-flow friction factor correlations depend on an apparent or effective viscosity
Um- There is not a general apparent viscosity correlation that allows the prediction of the apparent
viscosity for different operational conditions and different liquid-liquid systems. Table 2.5

summarizes some correlations for oil-in-water dispersed flow found in the literature.
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Table 2.5 - Summary of apparent viscosity correlations

Reference Apparent viscosity
Einstein (1906) u =1 (1+2.5h)
Duckler et al. (1964) = h u +h U
Angeli & Hewitt (1998) u =u (1-h)>
Pal (2001) :1/5 2u, +5K :(1—h0)’1
2+5K
A
K,
Guet et al. (2006) U =1
Toda & Furuse (2006) 1-0.5h
M, =—— For concentrated dispersions
(1-4,)
1+0.5kh, —h, . . . .
M, = 5 For dispersions with large particles
(1=kh, ) (1=h,)
k=1+0.5h
where 0

2.5 Interfacial Waves

Interfacial waves have been widely studied in annular flow and stratified flow. Behavior of
interfacial waves, including film thickness, wavelength, frequency and shape, affects many flow
characteristics, as flow pattern stability, pressure drop and heat transfer. A proper understanding
of the interfacial waves is necessary for the development of suitable mechanistic models.

Most of the studies on interfacial waves were devoted to gas-liquid flow. There are a few
on liquid-liquid flow, but mostly with low viscosity fluids. Works on the interfacial wavy
structure in viscous liquid-liquid flow are scanty and almost only on core-annular flow.
Experimental studies on interfacial waves in gas-liquid and liquid-liquid flows are summarized in

this section.

2.5.1 Interfacial Waves in Gas-Liquid Flow

Annular gas-liquid pipe flow is characterized by a gas core, a liquid film adjacent to the
pipe wall and a wavy gas-liquid interface. However, a fraction of the liquid travels as droplets in

the gas core due to a process known as liquid entrainment (GERACI et al., 2007). The interface
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between the liquid film and the gas core has a complex topology that is constantly changing in
time and space. The interface can be characterized as having low-frequency disturbance waves,
known as roll waves, along with high-frequency waves known as ripple waves. The latter are
usually related to the liquid entrainment process. Figure 2.6 shows a diagram of an upward-

vertical annular pipe flow where the two kinds of waves can be identified.

Disturbance wave

/ Ripple wave

Droplet

Figure 2.6 - Diagram of upward-vertical annular pipe flow. (ARAI et al., 2015)

Ripple waves or ephemeral waves have small amplitudes, compared with the liquid film
thickness, short life times, high frequency and usually do not occupy the whole tube
circumference. Ripple waves dominate the interface when the liquid flow rate is low, such that
the interface appears smooth. These waves exist for liquid-film Reynolds numbers below a
critical value between 200 and 330. In addition, the gas velocity must be above a critical velocity.
For air-water flow, the gas superficial velocity must be greater than 20 m/s. (LEVY, 1999;
RODRIGUEZ, 2011).

Disturbance waves, sometimes called “roll waves”, have a longer life time and amplitudes
usually several times the liquid film thickness (BELT et al., 2010). Several investigations on the
disturbance-wave configuration have been performed (SEKOGUCHI & TAKEISHI, 1989;
ASALI & HANRATTY, 1993; SCHUBRING & SHEDD, 2008).

Disturbance waves appear when the liquid flow rate is above a critical value and they have
an important influence on the flow pattern due to their large size and dynamic properties. Table
2.6 presents some studies on interfacial waves. Disturbance waves have been characterized by

measuring film thickness and interfacial velocity. Few authors have given a quantitative
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description of the interfacial structures (ALEKSEENKO et al., 2009; BELT et al., 2010;
SCHUBRING & SHEDD, 2008).

Waves play crucial roles in transport processes in annular flow such as mass transfer,
momentum transfer and heat transfer between the phases. Furthermore, there is a relation
between the disturbance waves and droplet entrainment (JACOWITZ & BRODKEY, 1964; HAN
& GABRIEL, 2007). However, the exact mechanism of droplet detachment is still a topic of
discussion (ALEKSEENKO et al., 2009; ALEKSEENKO et al., 2010).

Some authors believe that ripple waves should be disregarded because disturbance waves
govern the interface shape. For example, Sekoguichi et al. (1978) found that ripple waves are
generated and absorbed by the roll waves. In Figure 2.7, one can see wavy interface in upward-
vertical annular flow. The two types of waves, ripple and disturbance, can be seen. One can see
ripple waves among disturbance waves, but due to poor space sensitivity it was not possible to
study the details of the dynamics of the ripple waves. On the other hand, Alekseenko et al.
(2014) and Cherdantsev et al. (2014) have shown that the mechanism of droplet formation and

detachment may have to do with the interaction between ripple and roll waves.

Table 2.6 - Summary of experimental studies on interfacial waves in gas-liquid flow in pipes

Reference Studied waves Fluids — Diameter Measurfement
(mm) technique
Nedderman & Disturbance Waves (velocities, Air-water HSC
Shearer (1963) frequencies, wave number) 31.75
Taylor et al. (1963) | Disturbance Waves (velocities, and Air-water HSC
frequencies) 31.75 ConP
Miya et al. (1970) Disturbance Waves (Wave Air-water Resistive sensor
ampitudes) Rectangular channel
304.8 mm x 25.4
mm
Bruno & Mccready Disturbance Waves (Wave Air-water ConP
(1988) amplitudes and velocities) Rectangular channel
304.8 mm x 25.4
mm
Wolf et al. (1996) Disturbance Waves Air-water HSC
(Wave amplitudes) 31.8
Azzopardi (1997) Disturbance Waves Air-water HSC
(Frequencies and velocities) 10, 32, 58 e 125

HSC: High-speed camera, CP: Capacitance Probes, ConP: Conductance Probes, Laser-Induced Fluorescence

Technique: LIFT
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Table 2.6 — (Continuation) Summary of experimental studies on interfacial waves in gas-liquid

flow in pipes

Fluids — Diameter

Measurement

Reference Studied waves .
(mm) technique
Wang et al. (2005) Disturbance waves Air-water HSC
(Wave shapes, amplitudes and 9.53
velocities)
Han et al. (2006) Disturbance waves Air-water ConP
(Wave amplitudes and velocities, 9.525
wavelength)
Hazuku et al. (2008) Disturbance Waves Air-water Laser focus
(Wave amplitudes and frequencies) 11 displacement
mete
Sawant et al. (2008) Disturbance Waves Air-water ConP
(Wave amplitudes and velocities, 9.4
frquencies and wavelenght)
Damsohn & Prasser Disturbance Waves Air-water ConP
(2009) (Wave amplitudes and velocities, Rectangular channel
frequencies and wavelength) 50mm x 50mm
Johnson et al. (2009) Disturbance Waves Sulfur Hexafluoride ConP
(Wave amplitudes and velocities, — water
frequencies and wavelength) 100
Alekseenko et al. Disturbance Waves and ripple Air-water LIFT
(2009) waves 15
(Wave amplitudes)
Schubring et al. Disturbance Waves Air-water HSC
(2010) (Wave amplitudes and velocities, 23.7
and wavelength)
Belt et al. (2010) Disturbance Waves Air-water ConP
(Wave amplitudes and velocities, 50
and frequencies)
Zhao et al. (2013) Disturbance Waves Air -water with ConP
(Wave amplitudes and frequencies) added potassium
nitrate salt
34.5
Gawas et al. (2014) Disturbance Waves Air -water CP
(Wave celerity, amplitude and 152.4
frequency)
Alekseenko et al. Disturbance waves and ripple waves | Air - Water and two LIFT
(2014) (Wave amplitudes and velocities) water-glycerol
solutions
15
Cherdantsev et al. Disturbance and ripple waves Air - Water LIFT

(2014)

(Wave amplitudes, velocities and
shapes)

Rectangular cannel
161.4 mm x 25 mm

HSC: High-speed camera, CP: Capacitance Probes, ConP: Conductance Probes, Laser-Induced Fluorescence

Technique: LIFT
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Figure 2.7 - Liquid film thickness (in ym) for gas-liquid annular flow at V5; = 0.08 m/s and
Vs¢ = 42 m/s. Taken from Belt et al. (2009)

2.5.2 Interfacial Waves in Liquid-Liquid Flow

There are relatively few studies about interfacial waves in liquid-liquid flow; some of them
are summarized in Table 2.7. They are focused on stratified and core-annular flow. Most of these
studies present visual observations using high-speed video cameras. It is clear that it is important
to develop new methodologies for interfacial-wave measurements, particularly using instruments
that would provide more information than that offered by video recording.

Oliemans et al. (1987) developed a study on interfacial waves in core-annular flow.
Wavelengths were found to vary from 6 mm to 60 mm, while wave amplitudes were of the order
of 1-2 mm. It was presented a correlation for wavelength depending on pipe radius, input water
fraction and oil superficial velocity.

A kinematic wave theory to describe interfacial waves in on core-annular flow was
presented by Bannwart (1998). The theory offers information about the slip ratio and volumetric
fraction of the core, but kinematic-wave information should be available a priori for the model to
be applied. It was proposed a correlation between the wave speed and oil holdup. The theoretical
holdup predictions were compared with horizontal and vertical experimental data. The theory
showed good agreement with the experimental data.

In Rodriguez & Bannwart (2006) experiments to measure wavelength, wave amplitude,

wave profile, wave speed and holdup using a high speed video camera were carried out. It was
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proposed a method for indirect determination of holdup based on the kinematic wave theory and
it was compared with the experimental data.

In Al-Wahaibi & Angeli (2011) and Al-Wahaibi & Angeli (2007) the interfacial wave
characteristics were studied. The distribution of wave amplitudes and wavelengths were obtained
at different oil and water velocities. The waves were recorded at two locations to study the
development of the waves along the pipe. The authors remarked the dependence of the wave
characteristics on the phase velocities, for instance the wave amplitudes increased as the
superficial velocities increased. Another important conclusion was that the wave amplitudes,
closer to the point of injection of fluids, were smaller than those farthest, while the wavelengths
were relatively longer. Furthermore, it was established a relation between the wave
characteristics and drop formation.

Wave amplitudes, wavelengths and wave speed were studied experimentally in stratified
oil-water flow (CASTRO, PEREIRA, SANTOS, & RODRIGUEZ, 2012). The wave
characteristics were found to be dependent on holdup, inclination of the pipe and phases
velocities. In addition, a methodology for the determination of the average interfacial wave shape
was presented and a two-phase Froude number was proposed to correlate the data.

Interfacial waves in stratified oil-water flows was studied with high speed imaging by
Barral et al. (2015) . The waves appeared when the flow rates were different. The wave
frequencies were found between 11-20 Hz. The wave amplitude decreased while wavelength and
wave velocity increased as waves move downstream.

Castro & Rodriguez (2015) developed a study about interfacial waves in stratified oil-water
flow. Wave amplitude, wavelength and wave speed were measured using high-speed imaging.
Correlations for wave aspect ratio, wave shape and wave speed were proposed. The proposed
correlations showed good agreement with the experimental data. The correlation for wave shape

was based on a second order Fourier equation.
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Table 2.7 - Summary of experimental studies on interfacial waves in liquid-liquid flow in pipes

Oil viscosity (cP) — Pipe

Reference Studied features diameter (mm) — Orientation Measurgment
technique
— Flow pattern
Oliemans et al. Wave amplitudes 3000 - 50 HSC
(1987) Wavelength Horizontal pipe
Wave profile Core-annular flow
Bannwart (1998) Wave speed 2700 - 22.5 HSC
Horizontal and vertical pipes
Core-annular flow
Rodriguez & Wave speed 500 - 28.4 HSC
Bannwart (2006) Wavelength Vertical pipe
Wave amplitudes Core-annular flow
Wave profile
Al-Wahaibi & Wave amplitudes 5.5-38 HSC
Angeli (2011) Wavelength Horizontal pipe Parallel wires

Stratified flow and transition
to dual continuous flow

conductivity probe

Castro et al. Wave amplitudes 300 - 26 HSC
(2012) Wavelength -20° -10°, 0°, 10°, 20°
Wave speed Stratified flow
Barral et al. Wave velocity 5.5-38 HSC
(2015) Wave amplitude and Horizontal pipe
frequency Stratified flow
Wavelength
Castro & Wave amplitude 300 - 26 HSC
Rodriguez Wavelength Horizontal pipe
(2015) Wave speed Stratified flow

HSC: High-speed camera

2.6 Measurements in Multiphase Flows

Several measurement techniques have been developed for the investigation of multiphase
flows. Moreover, the existing literature covers mainly the application of these techniques in gas-
liquid flows. Specifically, some measurement techniques used for liquid-liquid flows are:
conductive/capacitive probes, Electrical Capacitance/Resistance Tomography (ECT/ERT),
conductive/capacitive Wire-Mesh Tomography (WMT), and single or multi-beam x/gamma-ray
densitometry.

Conductive/capacitive probe emits a two-state signal indicating which phase surrounds the
sensing part of the electrode, based on the detection of differences between the electrical
properties of the two phases. From the fraction of the time that the probe resides in a given phase,

the local volume fraction of that phase can be determined. In Zhao & Lucas (2011) it was used an
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impedance probe and a conductive probe to obtain the phase distribution of oil and water over the
pipe’s cross-section in bubbly oil-in-water pipe flows, Figure 2.8. Even though images of oil-

fraction distribution were generated, they only show time-averaged data.

fire outlet

Upper side of
inclined pip
Brass bar

Probe holder

lower side of
inclined pipe

Figure 2.8 - Schematic diagram of the conductive probe used in Zhao & Lucas (2011).

With ECT it is possible to determine the dielectric permittivity distribution in the interior of
an object through external capacitance measurements. The ECT sensor consists of a total of M
electrodes that are symmetrically mounted outside of a cylindrical container. During each
scanning frame, an excitation signal in the form of an alternating voltage is applied to one of the
M electrodes and the remaining electrodes are kept at the ground potential, acting as detector
electrodes. The measured capacitances can then be represented in a matrix and used to
reconstruct the tomographic image of the object. One disadvantage of ECT is that it produces low
spatial resolution images. Zhao & Lucas (2011) have used ERT to measure oil fraction
distributions and Hasan & Azzopardi (2007) have employed ECT to investigate stratifying
kerosene-water flow, Figure 2.9.

The wire-mesh sensor is an intrusive imaging device that provides flow images at high
spatial and temporal resolutions. The sensor is made of two sets of stainless steel wires stretched
over the cross-section of a vessel or pipe with a small axial separation between them. Each plane
of parallel wires is positioned perpendicular to each other, thus forming a grid of electrodes
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(Figure 2.10). The associated electronics measure the local conductivity or permittivity
(capacitance) in the gaps of all crossing points at a high repetition rate. The spatial resolution of
the images generated by the sensor corresponds to the wire separation within a single plane. It
measures the local permittivity or conductivity in the gaps of all crossing points by successively
applying an excitation voltage to each one of the sender electrodes at one wire plane, while
measuring in parallel the current flowing toward the receiver electrodes at the other wire plane. In
Rodriguez et al. (2012), a wire-mesh based in capacitance measurements is applied to investigate

dispersed flow of oil and water in a horizontal glass pipe.
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Figure 2.9 - Schematic diagram of the ECT sensor used in Hasan & Azzopardi (2007).

Single or multi-beam gamma-ray densitometry is a non-intrusive method that has also been
applied for measuring local phase fractions in oil-water flow systems showing good spatial
resolution, but relatively bad temporal resolution. Basically the gamma-ray attenuation technique
makes use of the observation that a stationary homogeneous material will absorb a
monochromatic beam of constant intensity and short wavelength radiation. The absorption occurs
exponentially with increasing absorption length at constant linear absorption coefficient. In
Kumara et al. (2010), a single gamma-ray densitometer was used to measure the cross-sectional

distributions of oil and water phases in horizontal and slightly inclined oil-water flow.
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Figure 2.10 -Schematic diagram of the a WMS from Prasser (1998).

2.6.1 Film Thickness Measurements in Gas-Liquid flows

In Clark (2002), twenty film thickness measurement techniques for gas-liquid flows are
mentioned, divided into four groups. Film-average methods are for obtaining an average film
thickness value measured over a considerable length of film. However, the application of these
methods is possible only through the assumption that all the present liquid is in the form of a
uniform symmetrical film. There has been little study using film average methods due
predominantly to their inability to provide information on local interface phenomena, i.e., waves.
Some methods in this group are the holdup measurement (BURNS, 2003) and the conductance
method (KANG & KIM, 1992). Localized methods include techniques that give local film
thickness measurements (a few millimeters to a few centimeters averaged over a given area), but
it is not possible to obtain from it an instantaneous point value. Two methods of this group are the
capacitance probe (DEMORI et al., 2010) and ultrasonic pulse-echo methods (WADA et al.,
2006). Point methods include all methods in which continuous or statistical information is
obtained at a point in a liquid film where film thickness can be measured over small areas. These

methods have not been as extensively used as localized methods because, generally, they are
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harder to implement and the results more difficult to analyze. Some examples are the needle
contact probe (TAKESHIMA et al., 2002), the hot-wire method (FRANCO, 2007) and the fiber-
optic techniques (ADDLESEE & CORNWELL, 1997). Spatial Methods involve the performance
of point or localized measurements simultaneously in different areas of the film in order to build
up a global picture of the film thickness structure for the area under study. These techniques offer
information of the three-dimensional wave structures. These methods include light absorption
(MOUZA et al.,, 2000), multiple electrodes probes (BELT et al., 2010; DAMSOHN &
PRASSER, 2009A, 2009B; JIN, WANG, & XU, 2003; KANG & KIM, 1992), pigment
luminance method (SCHAGEN et al., 2006), fluorescent imaging (ALEKSEENKO et al., 2010;
SCHUBRING et al., 2010) and ultrasonic transmission (KAMEI & SERIZAWA, 1998). Some
methods were chosen as representatives and are presented next.

The first are optical techniques, such as photography, absorption, fluorescence and
diffraction. These techniques require a transparent tube or windows, in some cases fluorescent
elements applied to the liquid and preferably transparent phases. But these conditions are not
always possible, especially in oil-water flow. (ALEKSEENKO et al., 2010; ALEKSEENKO et
al., 2008; ALEKSEENKO et al., 2004; FARIAS et al., 2010; HAZUKU, TAKAMASA, &
MATSUMOTO, 2008; OLIVEIRA, YANAGIHARA, & PACIFICO, 2006; SAWANT et al.,
2008; SCHAGEN et al.,, 2006; SCHUBRING et al., 2010; SCHUBRING, SHEDD, &
HURLBURT, 2010; SCHUBRING & SHEDD, 2008)

Alekseenko et al. (2008) studied spatial-temporal evolution of disturbance waves and ripple
waves in annular gas-liquid flow using high-speed modification of laser-induced fluorescence.
Experiments were performed in a vertical Plexiglas cylindrical channel with an inner diameter of
15 mm and a length of 1 m. Continuous green laser with wavelength 532 nm and power 50 mW
was used as the light source. Rhodamin-6G was used as fluorescent matter. All experiments were
conducted in a measurement area with a length of 20 cm with a spatial resolution 0.1 mm. The
exposure time was 150 ps and the registration frame rate of 2000 fps. Registered image
brightness was converted into local film thickness using a calibration curve obtained in a set of in
situ calibration tests.

Schubring et al. (2010) used planar laser-induced fluorescence to provide direct
visualization of the liquid film in an upward vertical air-water annular flow. A small

concentration of a fluorescent dye was introduced into the water, causing the liquid film to appear
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as bright regions on the images once exposed to laser light. Images were processed to locate the
edge of the bright region, asserted to be the gas-liquid interface. For the experiments, a
polypropylene tube was placed inside a black-walled box, with only two windows, one for the
laser and one for the camera. Four hundred pictures were recorded in each experiment and
thickness values were between 60 um and 300 pum.

Multi-conductance sensors (ALEKSEENKO ET AL., 2009; BELT ET AL., 2010;
DAMSOHN & PRASSER, 2009a, 2009b; SAWANT et al., 2008) have been widely applied for
many years in the study of air-water annular pipe flows. The main disadvantage of conductance
sensor is that it cannot measure the film thickness of a non-conductive phase, as it is the case in
oil-water dispersed flow. Damsohn & Prasser (2009) built two conductance sensors with different
properties, each consisting of an array of 64 x 16 points of measurement and a time resolution of
10000 fps. The first sensor can measure up to 800 um films. The electrodes are spaced 1560um,
which leads to a spatial resolution of 3120 um. The second sensor can measure films between
100 pm and 700 pm with spatial resolution of 2 x 2 mm®. They were made with a standard
printed-circuit board (PCB). The geometry of the sensor was optimized in terms of the sensor
characteristic by potential-field simulations. The first sensor measures thin films, like disturbance
waves with films less than 100 um and the second resolves smaller structures, but has low
sensitivity for thin films. The authors suggest the combination of the two sensors to take
advantage of each one and to build the sensor on a flexible PCB in order to be adapted into a
cylindrical tube (experiments were done in cubic structures).

The wire-mesh sensor combines intrusive local measurement of phase fraction and
tomographic cross-sectional imaging. The wire-mesh sensor based on measurements of electrical
permittivity (capacitance) allows studying flows involving non-conducting fluids, such as oil-air
flow. The advantages of this technique are: low cost, simplicity when compared with other
tomography systems, and high spatial and temporal resolution. In Lopez et al. (2012), a wire-
mesh based on capacitance measurements to investigate falling liquid film in gas-liquid flows
was presented. In that work, the local gas void fraction distribution was assumed to have a linear
relationship with the measured permittivity and, by using a geometrical ratio the liquid film
thickness was found. In addition, the liquid film velocity, the liquid entrainment fraction and
image of the section were obtained. The most important disadvantage of this method is the

intrusiveness.
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2.6.2 Film Thickness Measurements in Liquid-Liquid Flow

Only a few measurement techniques for liquid-liquid flows have been proposed. Table 2.8
has a comparison between those methods. Depending on the specific application is appropriate to
use one or the other. For example, a high temporal resolution is desirable in the case of oil-in-
water dispersed flow where the water velocity is high (greater than 5000 fps) and a high spatial
resolution (the highest possible) is necessary for detecting small waves (ripple waves) in annular
flow.

In Oliemans et al. (1987), a photographic method was used to study water film thickness in
core-annular flows. Wavelengths were seen to vary from 6 to 60 mm, while wave amplitudes
were of the order of 1 to 2 mm. Authors mentioned the problem of optical distortion due to
diffraction. A disadvantage of this method is that the measurements are only taken in a given
area, i.e. in front of the camera (top and bottom for horizontal pipe, right and left for vertical
pipe).

Conductance/Capacitive sensors have been widely applied for many years in the area of
flows in pipes. Normally, they are simpler, have fast response, are non-intrusive and non-
invasive, and have flexibility in electrode design. If the electrodes are flush to the wall, these
methods are non-intrusive, but limited to low viscosity fluids. Conductance/Capacitive planar
sensors have been used to investigate film thickness of conductive or nonconductive liquids,
respectively. They make use of the relationship between electrical capacity and film thickness.
Only a few flow applications of planar sensors on multiphase measurements have been reported
in the past (BONILLA et al., 2014; THIELE et al., 2009). During the development of this work, a
conductance planar sensor with 64 x 16 measuring points was used for water film thickness
measurements in oil-water flows (BONILLA et al., 2014). The measured water film thickness
had between 100 um and 700 um. The sensor could not measure the water film when oil had
touched the surface of the sensor before the measurements, because oil stuck to the sensor
produced an isolation effect. To avoid this limitation, it was proposed to use capacitive
measurements instead of conductive. Thiele et al. (2009), presented a capacitive planar sensor to
visualize flows of multiphase mixtures along the surface of objects. The sensor comprises a
matrix of 1024 interdigital sensing structures which are individually interrogated based on

capacitance wire-mesh sensor electronics (SILVA, SCHLEICHER, & HAMPEL, 2007). The
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maximal liquid thickness, which influences the measurements at a sensor, is 750 pm. No
application of this method in pipelines was found.

In summary, there are a few film thickness measuring techniques for oil-water flow in the
literature. These techniques have been used in studies of annular flow (gas-liquid and liquid-

liquid flows). No applications in dispersed flows were encountered.

Table 2.8 - Comparison of Liquid-Liquid Measurement Techniques

: Spatial Temporal * yro Max film o
Technique resolution resolution . Application
thickness (um)
(mm) (frames/s)

Photographic Core-Annular
(OLIEMANS et al., 1987) i 2000 - 10000 1000-2000 flow
Capacitive Planar Sensor Isopropyl alcohol

(THIELE et al., 2009) 2x1 15000 Up 0750 -benzene mixture
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