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Abstract

ABSTRACT

The purpose of thisthesisisto study the behaviour of the simultaneous flow of oil and
water in horizontal pipes. In this connection, two test facilitiesare used. Both facilities

have horizontal test sectionswith inner pipediameters equd to 2 inches.

The largest facility, called the model oil facility, has reservoirs of 1 m® of each
medium enabling flow rates as high as 30 m*%h, which corresponds to mixture
velocities as high as 3.35 m/s. The flow rates of oil and water can be varied
individudly producing different flow patterns according to variations in mixture
velocity and input water cut. Two main classes of flows are seen, dratified and

dispersed. In thisfacility, the main focus has been on stratified flows.

Pressure drops and loca phase fractions are measured for a large number of flow
conditions. Among the instruments used are differential pressure transmitters and a
traversing gamma densitometer, respectively. The flow patterns that appear are
classified in flow pattern maps as functions of either mixture velocity and water cut or
superficia veocities. From these experiments a smaller number of stratified flows are
selected for studies of velocity and turbulence. A laser Doppler anemometer (LDA) is
applied for these measurements in a transparent part of the test section. To be able to

produce accurate measurements a partial refractive index matching procedure is used.

The other facility, called the matched refractive index facility, has a 0.2 m° reservoir
enabling mainly dispersed flows. Mixture velocities range from 0.75 m/s to 3 m/s.
The fluids in this facility are carefully selected to match the refractive index of the
trangparent part of the test section. A full refractive index matching procedure is
carried out producing excellent optical conditions for vel ocity and turbulence studies

by LDA. In addition, pressure drops and locd phase fractions are measured.
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Chapter 1: Introduction

1. INTRODUCTION

Background

Offshore production of oil and gas on the Norwegian continentd shelf has been going
on for more than 30 years and the production of crude oil has been around 3 million
barrels per day since 1996. Still, according to the Norwegian Qil and Energy
Department (2001), greet reserves are unexploited or not yet discovered.

The oil and gas reserves are located in reservoirs, some more than 2 km below the
bottom of the sea. In the early years of production the wells were mainly verticd, but
in the last decade technology has enabled horizontal or near horizontal wells to be
drilled. These horizontal wells can be more than 7 km long. A typica inner pipe
diameter is4 inches. When it comes to transport pipes for il they can be over 200 km
long with an inner diameter of 29 inches (Source: Norwegian Oil and Energy
Department, 2001).

A gas/oil/water reservoir consists of agas zone on top, an oil zone in themiddle and a
water zone at the bottom due to the differences in density. When ail is produced from
a reservoir a well is drilled through the ground, verticdly at first, then following a
slope before it enters the reservoir horizontdly, into the oil phase. The well will
produce single-phase ail in the first period of its "lifetime’. As time goes by, water
will cone into the well from insde the reservoir and the well will produce water in
addition to crude ail. If the postion of the wel is dose to the gas/oil interface
eventually gas might be produced as well. As the well ages waer production
increases. The wel might be economical to operate even for water cuts as high as
90%.

The presence of water in the pipe will afect the transport of oil from the reservoir to
the processing unit in the sense that when two immiscible liquids flow together in a
pipe, the mixture will behave different from single-phase flow. Depending on the
mixture velocity and the water cut severa flow configurations, known as flow
patterns, or flow regimes will be formed. Transport of mixtures with different flow

patterns might influence theinput power required to pump the mixture.
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A phenomenon that occurs when two immiscible liquids flow together in a pipe is
phase inversion. Phase inversion will occur provided the mixture velocity is high
enough for dispersons to be formed for the various ranges of water cuts. Phase
inversion is defined as a changein continuity from one phase to another (e.g. from ail
continuous to water continuous). At low water cuts water will be dispersed as droplets
in the continuous oil phase, but as the amount of water is increased, the system
changes to adispersion of oil dropletsin a continuous water phase. The water cut that
inverts the system is a function of severa parameters like the physical properties of
the crude oil. The viscosity at the inversion water cut can be several magnitudes
higher than the viscosity of the individua liquids. This often results in increased
pressure drops, something that is highly undesirable when the mixture is to be
trangported over long distances. Thus, it is important to understand and to be able to

predict when phase inversion will occur.

Both temperature and pressure are high in the reservoir but fal as the mixture is
trangported to the processing unit provided it islocated at sea level or somewhere on
shore. Some of the problems in crude oil/water pipe transport that is associated with

the presence of water and the temperature and pressure conditionsin the pipe are:

e Sdine deposits known as scale. Although scale insulaes the pipe it reduces
the cross section and has to be removed.

e Formation of crystaline hydrates by combinaion of water molecules and
naural gasunder high pressure.

o Deposition of high molecular constituents of crude oil, known as asphaltenes,
as a consequence of reduced solubility when the temperature is reduced.
Formation of asphaltenes is irreversible and once they are deposited on the
pipewall they can only be removed mechanicaly.

e Formation of wax, which is a high molecular depost that is formed if the
temperature becomes too low. The formation of wax is reversible in the sense

that the wax may be removed by increasing the temperature.

-10-
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¢ Production of sand. In addition to production of water and oil, sand particles

will enter the well from the reservoir.

In genera the formation of deposits will reduce the pipe cross-section and therefore

hasdirect influence on the production and pressure drop.

Themodel sysem

The work presented in this thes's has focused on the transport of oil and water in a
horizontd pipe. In contrast to the trangport of crude oil and seawater with the
possibility of deposits, experiments are conducted on a pure model oil/tap water
system and a system of a mixture of two diesel oils combined with a solvent. The
modd fluids are transparent, which enables laser Doppler anemometry, and has
physical properties that are comparable to a crude oil/sea water system. Tap water is
used to avoid problemsthat can be caused by the saline environment in seawater. The

inner diameter of thetest pipetha smulates the pipesis?2 inches.

Thegoals

The god is to measure the velocity and turbulence digtributions or profiles in two-
phase oil/water horizonta pipe flow and compare them to single-phase flow
digtributions. Identification of velocity and turbulence distributions are important for
ingtance in the devel opment of computer models. By using laser Doppler anemometry
(LDA) such distributions can be measured accurately in trangparent modd systems as
described above.

Prior to these measurements studies of local phase fraction (i.e. holdup) and the
pressure drop in the pipe need to be conducted in order to classify the flow patterns
and provide a basis of comparison for the LDA measurements. E.g. information of
the position and the width of the interface between oil and water in stratified flow are
needed to fully understand the velocity and turbulence distribution across the pipe. A
traversable gamma densitometer provides this kind of information. Likewise,
measurements of pressure drop by dp-transmitters can be compared to the pressure
drops derived from Reynolds stress distributions cal culated from LDA measurements.

-11-
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Theframework of thethesis

The thesis is divided into ten chapters, which fal into two main parts. The first five
chapters, including this introduction, describe the goals of the thesis, the theory and a
literature review on key topics, the model flow systems and the ingruments. The last

five chapters, including the conclusions, present and discuss results from experiments.

Thus, Chapter 2 presents areview of liquid-liquid flow in horizonta pipes. The list of
contributors to the subject is large, and only the work of a few is mentioned here.
Chapter 3 describes the two flow facilities that are constructed to model horizonta
transport of oil/water from areservoir. Chapter 4 contains both aliterature review on
Laser Doppler Anemometry and a description of the basic theory on the topic as well
as a presentation of the laser system and the measurements procedures that will be
used in the experiments. Chapter 5, which completes the first main part, gives an
examination of the principles of gamma densitometry and a description of the

equipment and the measurement procedures that will be used.

Measurements of flow patterns and local phase fractions for mixture velocities
ranging from 0.4-3 m/s with variations in water cut from 0-100% are presented in
Chapter 6. Chapter 7 presents pressure drop measurements for the same mixture
velocities and water cuts and compares them to the two-fluid modd for stratified
flows and the homogeneous mode for dispersed flows. LDA measurements of
velocity and turbulence distributionsin stratified flow are presented in Chapter 8. This
study is conducted for mixture velocities ranging from 0.4-2 m/s and water cuts
varying from 0-100% provided that the flow is stratified. Chapter 9 contains LDA
measurements of velocity and turbulence together with measurements of loca phase
fraction and pressure drops in dispersed flows. The measurements presented in this
chapter are conducted on adifferent flow facility and the chapter itself is an extract of

apublished paper. The final chapter contains conclusions and proposes further work.

-12-
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2. LIQUID-LIQUID FLOW —

LITERATURE REVIEW AND BASIC MODEL S

In 1949, Clark and Shapiro patented a process for the injection of demulsifying agents
with water into crude oil pipelines. The agents were added to prevent destruction of
thewater filmin the pipe. The formation of awater film on the inside of the pipe after
injection of water into oil was observed a year earlier. The added water seemed to
have a lubricating effect on the ail flow. Charles and Redberger (1962) reported on
the reduction of pressure gradients in oil pipeines with water addition. They
measured a maximum reduction between 12 and 31% for different oils. The pressure
gradient reductions occurred at water contents ranging from 12 to 93%, respectively.
Pressure drops in liquid-liquid two-phase flow can be quite different from those in
single-phase flows. These observations are among the first important studies of oil-

water flow in pipes.

Studies of liquid-liquid flow in a pipe often include observation of flow patterns, that
is, the shape and spatid distribution of the two-phase flow within the pipe. But even
more important is the investigation of pressure drop. Today, measurements of the
pressure gradient in the different flow patterns, as well as the development of models

is subjected to alot of research.

Through the years severa investigators have contributed to the understanding of
liquid-liquid flow in generd and oil-water flow in particular. The inclination angle of
the two-phase flow is one parameter that affects the flow pattern. Pure horizonta flow
and pure vertica flow are often idedized cases. Some researchers, represented by
S66t and Knudsen (1973) and Rashid Hasan and Shah Kabir (1990) studied verticd
flows while others studied horizonta flows with or without a small inclination angle.
In redlity, (gas)/oil/water flow in trangport-pipes and wells often have an inclination
angle different from O or 90 degrees. However, this review is limited to describing

some of the most important work done on oil-water flows in horizontal pipes.

-13-
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2.1 FLOW PATTERNS OF OIL/WATER FLOW IN HORIZONTAL PIPES

Formation of different flow patterns will appear when two immiscible liquids flow
together in a horizontal pipe. Input phase ratio, mixture flow rate, density ratio,
viscosity ratio, wetting properties, surface tenson and pipe geometry are decisive
parameters for the formation of each flow pattern. Identification of the different flow

patterns can bedonein severa ways.

e Visudly through transparent pipes. Equipment like cameras and video camera
recorders are helpful tools. Early studies by Russel et al. (1959) and Charles
et d. (1961) together with the more recent work of Arirachakaran et al. (1989)
make use of this technique. The weakness of visua observations is that they
always are subjective and even have the disadvantage of being exposed to
light refractions.

e The use of conductivity probes as in Trdlero et a. (1997) and Nadler and
Mewes (1995) as well as the use of high frequency impedance probes as in
Vigneaux et d. (1988) and Angei and Hewitt (2000) gives perhaps a more
precise and objective discrimination of flow regimes.

e Gammaray denstometry used by for instance Soleimani (1999), Elseth & al.
(2000) and Kvandal et d. (2000) represents ancther useful method.

Flow pattern studies presented later in this work are done with adigita video camera

in combination with atraversing gamma denstometer.

Before the rest of thereview is presented, some of the basic terms of liquid-liquid flow
are defined. Consder oil and water flowing simultaneoudy in a horizonta pipe with
cross section area A. The input volumetric flow rates of oil and water are Q, and Qu,

respectively. Theinput volumetric oil and water fractions are then given by:

-14-
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C,= 2.1)

Superficia velocities of oil and water are based on the input flow rates and the cross
sectional area of the pipe and are defined by:

_Q _Qu
Ug=" U, = 2.2)

Combining Equations 2.1 and 2.2 gives the relationship between superficial velocities
and input fractions:

C
(@]

= (23)

C
@]

3
s

It is assumed that each phase in separated two-phase flow occupies different parts of
the cross section. The actud velocity of each phase, the in-situ velocity, becomes
different from the superficid velocity because the velocity is calculated from the
volumetric flow rate passing a smaller area than the cross sectiona area. If the cross
section areas occupied by oil and water are respectively A, and Ay, the actua
velocities are given by:

2.4)

-15-
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From Equations 2.2 and 2.4 it follows that the actud velocity aways exceeds the
superficia velocity for each phase. The actual or the in-situ area fraction of oil and

water issimply defined by:

£ A £ A (2.5)
A A

The actual and the superficid velocity of each phase is rdated by the in-Stu area
fraction:

U,=—= U, =—> (2.6)

Findly, the mixture velocity is defined by dividing the tota volumetric flow by the

cross sectiona area of the pipe:

Un= ©.+9,) @2.7)

which dsoisequa to the summation of the superficia velocities (Un= Us, + Usy).

2.1.1 Classification of flow patternsand flow pattern maps

Through the years from the late 1950's and to the present time the investigation of
flow patterns has developed both in observation techniques and presentations. Here,
the pioneer contributions of Russd et a. (1959) and Charles et a. (1961) ae
presented along with the work of Arirachakaran (1989) and the recent studies of
Trallero et a. (1997) and N&dler and Mewes (1997).

-16-
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Russd et a. (1959) describe three flow patterns in oil-water flow in a horizonta
circular pipe. These are mixed flow (M), sratified flow (S) and bubble flow (B). They
varied the oil-water volume ratio, Ry, from 0.1 to 10.0, and the superficia water
velocity from 0.0354 to 1.082 m/s. Table 2.1 includes the experimental data The
purpose was to study the effect of input ratios on the flow patterns. Figure 2.1 shows
the flow patterns at the highest superficid water flow rate with varying input ratio.
The figure contains drawings prepared from photographs as they were presented in
their publication.

Table 2.1 Experimental data —Russdl et al. (1959).

Fluids: water and transparent minerd oil (paraffinic)

Flow temperature: 42 °C Qil viscosty: 18 mPas Pipediameter: 24.5 mm

Water viscosity: 0.894 mPas | Oil density: 834 kg/m’ Test section length: 8.6 m

FLOwW PATTERN R

04 047

i o014

Vu=355 ft per sec

Figure 2.1 Flow patterns of mixed flow (M), dratified flow (S) and bubble flow (B)
for afixed water flow rate. Drawings from photographs [Russel et d. (1959)].

The three flow regimes were found to appear in both laminar and turbulent flows. At
the lowest input retio the oil phase appears as large stretched out bubbles. With
increasing input retio the flow approaches the stratified pattern. By further increase of

input ratio the flow becomes mixed or dispersed.

-17 -
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Charles et a. (1961) did asmilar study of three different oils, each mixed with water

in a horizontd pipe. They varied the superficid oil velocity from 0.015 m/s to 0.91
nVs and the superficial water velocity from 0.03 m/s to 1.07 m/s. The input oil-water
ratios ranged from 0.1 to 10.0. Table 2.2 adds up the experimenta data

Table 2.2 Experimental data —Charles et al. (1961).

Fluids:
Water and three commercial oils; *Marcol GX (clear), Wyrol J(clear),

*Teresso 85 (dark green-brown)

Flow temperature: 25 °C

Qil viscosties[mPas]:
6291 16.8%65°

Pipe diameter: 26.4 mm

Oil densties 998 kg/m®

Test section length: 7.3 m

URN:NBN:no-1301

Charles et d. (1961) observed a series of flow patterns for a decrease of the ail flow

rate at congtant water flow rate Figures 2.2 to 2.4 represent drawings from

photographs of the different flow regimes.

SUPERFICIAL  OIL
VELOCITY, V,,
ft per sec

FLOW PATTERN

L36

0454

OlL IN WATER CONCENTRIC

0.200

OIL SLUGS IN WATER

e & & &

OlL BUBBLES IN WATER

Figure 2.2 Water and the 16.8 mPas viscosity
oil at varying ail velocities for a low fixed
water velocity of 0.03 m/s [Charles et d.
1961].

-18-

SUPERFICIAL OIL
VELOCITY, vy,
ft per sec

195

FLOW PATTERN

il

0682

OlL BUBBLES IN WATER

Figure 2.3 Water and the 16.8 mPas viscosity
oil a varying oil velocities for a fixed water
velocity of 0.21 m/s[Charleset a. 1961].
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SUPERFICIAL OIL
FLOW PATTERN VELOCITY, v, ,

ft per sec

82

0682

0200

OlL DROPS IN WATER

Figure 2.4 Water and the 16.8 mPas viscosity oil at varying oil velocities for a high
fixed water velocity of 0.62 m/s[Charleset d. 1961].

The flow patterns varied from water dropsin oil through concentric (annular) oil flow
in water to oil dropsin water. Each of the flow patterns was observed not only for the
16.8 mPas ail but for the other two as well. Figures 2.2 and 2.3 show the effect of
reducing the oil velocity at arelaively low water velocity. At high oil velocity ail is
the continuous phase, and water exists as drops dispersed over the entire cross section.
By reduction of the oil velocity both phases becomes continuous and the flow is
concentric or annular. Further reduction of oil velocity leads to water being the
continuous phase and oil being present as dugs and finadly as drops. At higher water
velocities as in Figure 2.4 the same transitions were observed but the flow patterns
were more disturbed. Based on the variations of superficia velocities of oil and water
the different flow regimes are summarized for the 6.29 and the 16.8 mPas viscosity

oilsin Figure2.5.

-19-
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Figure 2.5 Flow regimes for oils of viscosity 6.29 and 16.8 mPas and density 998
kg/m?®, flowing in the presence of water with the same density [Charleset al. 1961].

The lines that separate each flow pattern represent gradud transitions since it was
difficult to define the exact change from one regime to another. The flow regimes in
Figure 2.5 are amost the same for both oils with the exception of the boundary
between water drops in oil and the concentric flow pattern. The boundary lies at
higher ail velocities for the 16.8 mPas oil than the 6.29 mPas oil. Figure 2.6 presents
the flow regimes for the 65 mPas oil flowing together with water. The patterns are
similar to the two-phase systems with the less viscous oils except a low water
velocities. At such low water velocities a series of oil continuous flow patterns were
identified and an inversion line (P-Q) was drawn. For given oil velocities, mixtures
with lower water velocity than indicated at the inversion line gave oil continuous
flow. Mixtures with higher water velocity than indicated at the inversion line gave

water continuous flow.
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Figure 2.6 Flow regimes for oil of viscosity 65 mPas and density 998 kg/m?, flowing
in the presence of water with the same density [Charles et a. 1961].

Arirachakaran et d. (1989) acquired experimental data for oil/water flow in horizontal
pipes for a selection of viscosities in order to determine any viscosity effect on the
flow patterns. They used two flow facilities with different geometries of the test
sections and with different oils. Table 2.3 lists the experimental data. Among their
studies were flow patterns and the flow pattern transtion at the phase inversion point.
Figure 2.7 is a sketch of the observed flow patterns and Figure 2.8 displays the flow
pattern map. Stratified flow (S) with or without mixing at the interface and fully
dispersed flow, ether an oil-in-water dispersion or a water-in-oil dispersion (DO,
DW) were the extremes. The mixed flow (MO, MW), and mixed in the sense that the
flow consists of both adispersed and a“free” phase, could appear with either water or
oil as the “freg’ phase. Annular flow (AO, AW) had a core of one phase within the
other. The core could be both oil and water. Findly, intermittent flow (10, IW) was
described as a flow patern that was aternaing between a “freg” phase flow and a

fully dispersed flow.
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When water was the continuous phase they could observe no effect of oil viscosity on
the flow pattern and the same sequence of flow patterns was identified at the same
mixture velocity to the right of the inversion line in the flow pattern map. When oil
was the continuous phase they were not able to draw any generd conclusions apart
from the fact that the oil annulus in the annular flow pattern seemed to be reduced as
the oil viscosity was decreased. For low-viscosity oils the annular flow patern was
not even present.

Table 2.3 Experimental data — Arirachakaran et al. (1989).

Fluids: tap water and diesel fuel oil*
tap water and two refined oils”
Flow temperature: Qil viscosity: Pipe diameter:
28-54°C 4.7-2116 mPas 26.6 >and 41' mm
Interfacid tension: Oil density: Test section length:
6 =29-32.2 -10° N/cm 868-898 kg/m® 6.1°and 12.8' m

Data for flow facility 1 and “data for flow fadility 2.

DESCRIPTION

STRATIRIED (SXPOSSIBLY WITH SOME
MIXING AT THE INTERFACE

MIXED (MO, MWEWITH SEPARATED
LAYERS OF A DISPERSION AND “FREE"
PHASE

ANNUL AR (AQ, AW):CORE OF ONE
PHASE WITHIN THE OTHER PH.SE

INTERMITTENT (1O, IW):PHASES
ALTERNATELY OCCUPYING THE PIPE
AS A FREE PHASE OR AS &
DISPERSION

Figure 2.7 Flow patterns - Arirachakaran et d. (1989).
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Figure 2.8 Flow pattern map — Arirachakaran et a. (1989).

The experimenta data by Trallero et d. (1997) arelisted in Table 2.4. They report six
different flow patterns as shown in Figure 2.9. They classified them into two main
categories. Segregated flow is represented by stratified flow (ST) and dratified flow
with mixing at the interface (ST & MI). The other category, dispersed flow, is either

water dominated or oil dominated. Disperson of oil in water over a water layer
(DO/W & W) and the ail in water emulsion (O/W) are water continuous flows. A dua
dispersion of water dropletsin oil and oil dropletsin water (DW/O & DO/W) and the
water in oil emulsion (W/O) were dassified as oil dominated flows.

Table 2.4 Experimental data—Trallero et al. (1997).

Fluids: tap water and minerd oil

URN:NBN:no-1301

Flow temperature: 25.6 °C | Viscosity ratio: Pipe diameter: 50.13 mm
Mo/l w=29.6
Interfacid tension: Density ratio: Test section length: 15.54 m
6=36 -10° N/cm po/pw=0.85
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Figure 2.9 Horizontd oil-water flow patterns[Trallero et d. (1997)].

From the same experiments they constructed corresponding flow pattern maps. Figure
2.10 shows the flow patterns at different superficid velocities. Figure 2.11 displays

the same patterns as functions of mixture velocity and water fraction.

Yws (m/s)
OX 4 WO
g
»

=]

0.0} Y o op Y
001 0

Yos (m/s)

Figure 2.10 Experimental flow pattern map — superficia velocities [Trdlero et d.
(1997)].
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Figure 2.11 Experimental flow pattern map — mixture velocity and input water cut
[Trallero et d. (1997)].

Nadler and Mewes (1997) measured flow regimes and pressure drops in oil-water
flows. By varying the flow temperature between 18 and 30 °C the oil-water viscosity
ratio varied from approximately 35 to 28. The experimental data are presented in
Table 2.5. The observed flow regimes are schematicaly presented in Figure 2.12 and
compared in the flow pattern mapsin Figure 2.13.

Table 2.5 Experimental data —Nadler and Mewes (1997).

Fluids water and minera white oil (Shell Ondina 17)
Flow temperature: Viscosty ratio: Pipediameter: 59 mm
18-30°C U o/l w=35-28 (pipe material: perspex)
Density ratio: Test section length: 48 m
po/ pw=0.85
_95.
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Figure 2.13a Experimental flow pattern Figure 2.13b Experimental flow pattern
map — superficid velocities [Nadler and map — mixture velocity and input water
Mewes (1997)]. fraction [Nadler and Mewes (1997)].
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Nadler and Mewes (1997) classfiesthe flow patternsinto stratified and stratified with
mixing at the interface as seen asthe top two patternsin Figure 2.12. Further, they use
the terms ungtable water-in-oil (W-O) and oil-in-water (O-W) emulsions for fully
dispersed flows. The other three flow patterns they observed were partia dispersions

asshownin Figure 2.12.

The dassifications of flow patterns presented in these works are subjective. Different
investigators use different terms or names for each identified flow regime. All
investigators, however, generaly report separated or dtratified flow and fully or
partialy dispersed flow. When the different flow paterns are identified, the flow
pattern map can be constructed. Usually, the axes are the two superficial velocities or
the mixture vel ocity and the input water fraction. Apart from the obvious dependence
on superficial velocities, mixture velocity and input water fraction, severa other

parameters have influence on the flow regimes.

2.1.2 Parameterswith impact on theflow patterns

Mixture velocity and input water cut:

The effect of mixture velocity and water cut was investigated early by Russell et d.
(1959). In generd low mixture velocities dlows the flow to be separated or sratified,
while high mixture vel ocity disperses the flow. However, dispersed flows may appear

at low velocitiesprovided the water cut isvery low or very high.

Viscosity, density and surface tension: The viscosity effect, studied by Russell et d.
(1959), Charles et d. (1961) and Arirachakaran et a. (1989), seems to have little or
no effect on the observed flow patterns for oil/water flows. The sequence or the

number of observed flow patternsisthe same, but transitions from one flow regime to
ancther may appear a different superficia velocities when oils of different viscosities
are used. This means tha the size of the various flow regime areas on the map can
vary dightly. Reports on the isolated effect of density and surface tension are limited.
In two-phase flows with high density difference between the phases, stratified flow
will generaly appear for alarger range of mixture velocities and water fractions than
for the case of low density difference two-phase flows.
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Flow geometry and wetting properties.

The flow geometry such as pipe diameter, inlet design, studied by for instance
Soleémani et a. (1997), and theindlination angl e of the pipe are other parameters that
can be decisive for which flow pattern that appears. Inlets (i.e. the oil/water mixing
unit) can be shaped in a way that it tends to keep the flow sratified (see the mixing
unit described in Chapter 3.1). Alternatively, inlets can be shaped to disperse the flow.

The wetting properties can d o influence the flow patterns as investigated by Clark
(1949), Angdi (1996) and Angeli and Hewitt (2000). In generd materids that prefer
wetting by oil favour oil continuous dispersions and materids that prefer wetting by

water favour water continuous dispersons.

Temperatureand pressure:

Temperature and pressure have influence on the flow patterns in the sense that they

influence the physica propertieslike viscosity, density etc.

2.1.3 Flow pattern transitions

Oil-water flows are gravity dominated and flows separaely when the flow rates of
each phase are low, that is, when superficid velocities are low. Theinterface between
the phases is smooth without waves. At higher flow rates waves start to appear a the
interface. The wavelength is about twice the pipe diameter as stated by Trallero et al.
(1997). Small water droplets exist in the il layer while small oil droplets appear in
the water layer. Both the oil droplets and the water droplets flow close to the
interface. Different forces act on the droplets but gravity forces overcome dynamic
forces and the droplets are kept close to the interface. Guzhov et a. (1973) reports
that the relative movement of the phases results in vortex motion at the interface.
Vortices formed in the ail layer penerate the water layer and vice versa. This
turbulence at the interface eventually disperses the flow. Transition from separated to
dispersed flow can be illuminated by a stability anaysis. The ingtability occurs
because there exist ether a difference in tangential velocity or a significant jump in
viscosity across the interface. Dispersions can be formed at both low water fractions
and low oil fractions. Either way, the low fraction phase loses its continuity and

becomes dispersed in the high fraction phase.
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Several investigators have studied the stability of two-phase flows. For gas / liquid
flow thisisdone by for instance Barnea and Taitel (1993) while for liquid-liquid flow
the two contributions from Brauner and Moalem Maron (1992 and 1992%) are central.
The latter of Brauner and Modem Marons work deds with oil-water flow in
particular. The details of their stahility analysis are not presented here, but Figure 2.14
represents the basic propositions from the oil-water study. Continuity and momentum
equations of an oil-water system are analyzed and a stability anaysis is conducted.
Criteria for transition from smooth dtratified to other flow regimes are then given.
They proposed two transition lines. Both the zero neutrd stability (ZNS) line and the
zero red characteristics (ZRC) line are shown in Figure 2.14. The two lines define
three zonesin the figure. Below the ZNS boundary the flow i s smooth stratified.

The “buffer zone” positioned in between the two boundaries includes dratified flows
with the existence of interfacial waves. Beyond the ZRC boundary other flow regimes
than dratified wavy exist. Thus, the ZNS boundary represents the transition from
stable smooth stratified flow to stratified wavy flow and the ZRC boundary represents
the transtion from stratified wavy flow to other flow regimes. Also presented in
Figure 2.14 isthe effect of density and viscosity ratios on the boundaries. Brauner and
Moaem Maron (1992?) found tha as the oil-water density ratio was decreased, the
area of stable smooth dratified flow aso decreased (Figure 2.14 a and b). A similar
effect appeared when the oil-water viscosity ratio was reduced (Figure 2.14 b and c).

2.14 Phaseinversion

One specia phenomenon that occurs in dispersed liquid-liquid flows under certain
conditionsis caled phase inversion. According to Angeli (1997), the phase inversion
of adisperson of two immiscible liquids can be defined as the transition of a phase
from being dispersed to being continuous. The result is that the dispersed and the
continuous phases in the system are changed. Arirachakaran et a. (1989) presented a

sketch of the inversion process for an oil-water system as shown in Figure 2.15.
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Figure 2.14 The effect of densty and viscosity ratios on the location of ZNS and ZRC
boundaries [Brauner and Maron (1992%)]
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Figure 2.15 The phase inversion process presented by Arirachakaran et a. (1989).
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Consider a flow of single-phase ail in a horizontd pipe a sufficiently high veocity
for dispersons to exist. Then, a small amount of water is added. At low water
fractions water droplets will be dispersed in the oil phase. Water is the dispersed
phase and ail is the continuous phase. By increasing the water fraction and keeping
the mixture velocity constant, the concentration of water dropletsin oil dso increases.
At one point, the concentration of water droplets is 0 high that the droplets art to
coalesce and entrap ail in small pockets. At this point, the water phase is transformed
from being dispersed to being continuous. The entrapped oil droplets are now

dispersed in the water phase.

One of the reasons to why phase inversion is important is that it has a significant
influence on the pressure drop in the pipe. Several investigators, for instance Guzhov
(1973), Valle and Utvik (1997) and Soleimani (1999), have shown measurements of a
significant increase in the pressure gradient near the inversion point when
approaching from low water fractions, that is, from the left side in Figure 2.15. The
pressure gradient reaches its maxi mum value somewhere near the inversion point and

falsrapidly just after theinversion.

Pa (1993) did experimentsin laminar oil/ water flow and found similar trends for the
relative or mixture viscosity of dispersions. Pal (1993) dso examined what he cdled
unstable emulsions of water-in-oil (W/O) and oil-in-water (O/W). Figure 2.16 shows
the variation of mixture viscosity with water fraction for unstable emulsons. One of
the findings was that the mixture viscosity had a peak at the inversion between W/O
and O/W emulsions. The mixture viscosity was cal culated from laminar datausing the
Hagen-Poiseille law [Hewitt et al. (1997)] given by Equation 2.7, which states tha,
the volumetric flow rate Q of afluid of a viscosity  through a pipe of radius R and

length L isrelated to pressure drop by:

_Apr R*

o 2.7)
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15 e e :
t Unstable emulsions 1

Water Conc.

Figure 2.16 Mixture viscosity as a function of water concentration for unstable

emulsions— laminar pipe flow [Pa 1993].

The viscosity was found to increase initialy as the fraction of the dispersed phase
(water) increased. At theinversion point a sudden increase was measured as indicaed
in Figure 2.16. Further increase in water fraction lead to adecrease in the viscosity.

Pacek and Nienow (1995) used a video technique to study the inversion process of an
aqueous (A)/organic (O) liquid-liquid flow in a stirred vessel. They discovered ail
dropletsin drops of water from volume fractions of water greater than 20% and up to
the inversion point. Just after the inversion from A/O to O/A the droplets in drops
phenomenon was found to disappear. When approaching the phase inversion point
from the other side, tha is from O/A to A/O, the investigators expected to observe
water droplets in drops of oil. This phenomenon was not seen. They concluded that
theinversion processhad alack of symmetry. They also found that inversion occurred
at a higher concentration of the dispersed phase, ¢4, when going from O/A to A/O
than in the opposite direction. This led to the conclusion that O/A dispersons are
more stable than A/O dispersions.
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The mechanism of the inversion process is not completely understood, but there is
agreement among investigators that it has to do with break-up and coalescence of

droplets. A presentation of these phenomena will not be given here.

Prediction of under which operaing conditions phase inversion might occur is
important. Due to the large pressure gradients that might appear at phase inversion it
is obvious that the transport of oil/water in pipes should take place far off the
inversion point. The phase inversion mechanism in an oil / water dispersion is

probably influenced by several parameters such as:

e input flow rates

o density ratios

e viscosity ratios

e interfacial tension

e temperature and pressure

e mixture vel ocity

e geometry of the pipe (diameter, inclination angle, mixing unit)

e construction materid of the pipe
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2.2 PRESSURE DROP IN L1QUID-LIQUID FLOW

Several modds for prediction of pressure drop in liquid-liquid flow exist. Below, the
two-fluid modd for stratified flow and the homogeneous mode for dispersed flow are
presented. Among others, Brauner and Modem Maron (1989) and Vdle and Kvandal
(1995) employed the two-fluid model for stratified flow on liquid-liquid systems. For
dispersed liquid-liquid flow investigators like Mukherjee et a. (1981) and Valle and
Utvik (1997) used the homogeneous modd .

2.2.1 Stratified flow
For stratified steady state pipe flow the two-fluid modd employs the momentum
equations for each phase. The gravity forces together with wall and interfacial shear

forces baance the pressure gradient.

AO(%)—TO S, —Tow Sow — PoAISING =0 (2.8)
dp .
A, proll " Sy Tow Sow — PwA,9SING =0 (2.9)

Elimination of the pressure drop from thetwo equations above and inserting:
A,
=—r 2.10
ew="p (2:10)
gives for ahorizontd flow:

€uT6So T E€uTowSow — (L= €,,)7,Sy + - £€,)Tow Sy =0 (2.11)

w”ow —ow

This non-linear algebraic equation has to be solved iteratively with respect to the in-

situ water fraction.
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Perimeters

The oil-wetted perimeter, S,, the water-wetted perimeter, Sy and the interfacia
perimeter, Sow, are calculated through the equations developed from Figure 2.17. Here
theinterface that separates oil and water in the pipeisimagined to form astraight line.

Figure2.17 Cross-sectiond view of sratified oil/water flow in a pipe.

The areas occupied by each phase are expressed by:

AN:,ﬂiz +2[hn cgs(a)+%ﬂriz] A =A-A, (2.12)

The perimeters are given by:

S, = (7 - 20, S, = (m + 200, S,, = 2r, cos(cr) 2.13)
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Hydraulic diameters
By dividing the area with the perimeter for each of the phases a length parameter

known as the hydraulic diameter appears:

4A, 4A,
D, =—2% D, =—¥
v S, w=s, (2.143)

According to Brauner and Moalem Maron (1989) the above eguations should be used
when the average vel ocities of each phase are gpproximately the same. Otherwise they

proposed to cd culae the hydraulic diameters by:

4 4
ho = S, f‘éw D, = % for Us>Uy (2.14b)
4A, 4A,
D = — D =
ho s, hw S, +S, for Uo<Uw (2.14¢)

Reynolds numbers

For separated or dratified two-phase flow the Reynolds number is defined differently
to that of a single-phase flow. Usually Reynolds numbers are defined for each phase
according to Equation 2.15:

Reo — poUoDho ReW — pWUWDhW (215)

Mo My

Friction factors
The friction factors of both phases are calculated using the eguation developed by
Haaland (1983).
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-2
1.1
6.9 e
f, =[—3.6Iogm[¥+[37[) ] H (2.163)
o . ho

1.1
f, = l— 3.6Ioglo[% + [3 7?3 ] H (2.16b)
\ . hw

where e isthe roughness parameter.

The interfacia friction coefficient is often set equd to the friction coefficient of the
faster flowing phase:

fon =T

ow [o]

for Us>Uy (2.179)

fo=f for Us<Uy (2.170)

For approximately equa velocities of the phasestheinterfacia friction coefficient is
sometimes ignored. Thisisdueto theinterface being seen as a free surface with

respect to each of the phases.

Shear stresses
Findly, the wall shear stresses produced by each phase together with the interfacial

stress can the be expressed by:
7,=05f, p,U2 (2.183)
7, =05f,p,U2 (2.18b)
Tow =05f,,p,U,-U,)U,-U,J| (2.18c)
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2.2.2 Digpersed flow
The homogeneous model for the pressure gradient in aliquid-liquid dispersion is often

given as:

d f.p, U2 .
d—i’:——m’z’ S5 p g Sin(o) (2.19)

For horizontd pipes the last term in Equation 2.19 is obviously dropped. By further

expressing the mixture velocity as:
uU,=Ug+U,, (2.20)

The phase fractions assuming no dip are given by:

g, =—*& g, =1-¢, (2.21)

Thedensity of the mixtureis then:

P =EuPu+EP0 (222)

Several models for predicting the viscosity of liquid-liquid dispersions can be found in
the literature. Pal and Rhodes (1989) presented an empirical modd based on the ratio
between the dispersed phase concentration, ¢, and the concentration giving a relative
viscosity equal to 100. The detailsin the development of the model are not presented
here. The relative viscosity, L is the ratio of the dispersion mixture viscosity, L4, to the

continuous phase viscosity, Uc (1= Ud/ Lic). Thereldive viscosity asthey suggested is:

25

08415
u, =#r[ ¢ J: 1+& (2.23)
Pu-am 1-08415 7
? =100
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From this relationship the mixture viscosity for oil continuousdispersionsis:

Mo = o H, (2.24)

For water continuous dispersions the mixture viscosity is expressed by:

Moy = My 1, (2.25)

Sentvedt and Valle (1994) suggested ¢,-100=0.765.

According to Hewitt et a. (1997), the mixture viscosity is estimated by the classica
Einstein eguation for flows of small bubbles (diameter less than 1mm) suspended in a
liquid:

My =Ml (1+250) (2.26)

In this equation subscript C denotes the continuous phase and ¢ the dispersed phase
fraction. Guth and Simha (1936) extended this modd to:

Un =l A+250+14.107) (2.27)

All of these viscosity relations used on liquid-liquid systems are based upon
knowledge of the inversion concentration. In other words, it must be known when the
dispersion is il continuous and when it is water continuous. If thisis not the case the

mixture viscosity can be estimated in a similar manner as mixture density:

#m = SW#W + SO#O (2'28)

The Reynolds number of a dispersed mixture can be calculated using a single-phase

andogy if the dispersion ishomogeneous (or close to):
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U, d
Re, = % (2.29)

Similarly the friction coefficient can be determined by inserting the mixture Reynolds
number into for instance the Blasius equation:

f, =0.312Re%® (2.30)
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CHAPTER 3:

FLOW FACILITIES

In this chapter, two flow facilities caled the model oil facility (MOF) and the
matched refractive index facility (MRIF) are outlined. The MRIF system is discussed
only in brief since the mgjority of the experiments in thisthesis are carried out in the
MOF system.

3.1 THEMODEL OIL FACILITY

3.1.1 Simplified flow sheet

The modd oil flow facility is a test loop designed to handle petroleum didtillates,
seawater and inert gas environment. A schematic layout of the facility is shown in

Figure3.1.

Separator
R-100

X-103 X-101

“7 Test secuon—"

X

Mixing unit
M-100

Oil-tank Water-tank
T-100 T-101
Water-pump
P-101
o
Q .
Qil-pump

P-100

Figure3.1 A smplified flow sheet of the separated flow facility (full flow sheet in
Appendix Al).
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The main components are:

e Oil-water separator (R-100)

¢ Intermediate storage tanks (T-100, T-101)

e Individua pumps for oil and water (P-100, P-101)

¢ Oil-water mixing unit (M-100)

e Horizontd test section (X-101, X-102, X-103, X-104)
e Control and safety insrumentation

3.1.2 Oil/water separator and storage tanks

The oil /water separator is shown in Figure 3.2. The separator has an inner diameter of
0.8 m and a length of 2 m, which gives a totad volume of the separator of
approximately 1.0 m’. However, the level control instrumentation limits the volume for
use to about 0.9 m®. It is made out of glass fibre and has a view section of transparent
acryl. The right end is flanged, which allows it to be removed for instdlation of
different internd flow configurations. It also enables easy cleaning. At the present time
the separator includes a flow straightening section, which is a bundle of small tubes
covering amost the full cross section in a length of about 0.8 m. This improves the
separator. In between the two outlets there is mounted a partition wal. Level
controllers for both the water-phase (LT-104) and the oil-phase (LT103) are installed.
The first one prevents the water level from rising above the partition wall while the
second one makes sure the ail level does not reach the top of the separator, during
normal operation. In addition there existsalevel switch (LZ-105), which shuts down of
the pumpsif the separator is overfilled.
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> qfo ?’? |

d;=800mm

il Water

outlet outlet

} L,=2000 mm }

Figure 3.2 The oil/water separator.

The two identical vessels, one for each fluid phase, have approximate dimensions of
1x1x1 meter, which gives a tota volume of about 1 m®. They are made from
polypropylene and are covered with a steel shidding connected to a truck
trangportation rack. The inlet pipes to the vessds are located at the top of the vessels
and bent the opposite direction of the outlet section. The outlet pipes are connected to
ball valves. In that way, it is easy to close the vessdls for transportation, filling,
emptying and otherwise when operation requires it. Both vessels are closed, but vented
through athin dit around the inlet pipe. Between the vessd's about 30 cm from the top
there is a 2" tube connecting them to prevent flooding. A rubber float indicates the
liquid level in each vessdl.
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3.1.3 Pumps
Two high capacity pumps, one for each phase, areinstaled. Both are selected based on

following criteria

e Low shear. Thisisto prevent any further mixing if the oil or water phase contains
dispersed dropl ets from the vessels.

e Small pressure pulses. Since the measured pressure drops downstream of the
pumps can be as low as a few mbar, it is desirable to avoid fluctuations in these
values caused by the pumps.

e Low noise leved. Since the experimentd facility is ingaled in a laboratory
frequently used by alot of people the noiselevel must be low.

Theail pump is apostive displacement pump. The principleis to capture a volume at
theinlet and transport it 180° around to the outlet. The pump is a so a constant volume
pump and delivers a volume of 0.946 litres per revolution independent of the pressure
difference between the inlet and outlet. The maximum capacity is 30 m® /h and the
maximum differentia pressureis6 bar frominlet to outlet. The pump medium is used

as lubricant.

The water pump is a mono eccentric screw pump with a stainless steel screw
eccentricaly rotating in a rubber stator. This pump is aso a constant volume pump and
delivers atotd volume of 1.285 litres per revolution. It has a maximum capacity of 30

m® /h.

Both pumps are connected to a shutdown circuit that cuts the power to their drives if
there is blockage in the pipe (high pressure) or overflow in the separator. The electric
motors are cooled using air fans directly connected to the main shaft and would
therefore need a minimum of revolutions to maintain sufficient cooling. This resultsin
finite minimum capacity on both pumps, which is about 5 m*h. To overcome this
restriction, the piping arrangements around both pumps include a by-pass |oop to lower

the minimum flow rateto the test section to practically zero m¥h.
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To regulate the volumetric flow through the pumps frequency control modules are

ingtalled, and these can either be operated manuadly or by the PC control program.

3.1.4 Trangport pipesand mixing unit

The piping from the pumps to the mixing unit is made of polypropylene with an outer
diameter of 63 mm and awadl thickness of 6 mm. It is designed to stand pressures up
to 10 bar and temperatures up to 90 °C. Thetotal length of the piping is approximately
2X25 m.

The unit where oil and water is mixed before entering the test section is designed to

initiate a separated flow pattern and is shown in Figure 3.3.

Inlet oil-phase

( )

Two-phase
500 mm i flow

y )

Inlet water-phase /

Figure 3.3 The mixing unit.

Theail isintroduced a the top and water at the bottom. A plate separates both phases
until the entrance to the test section. The piping and flange arrangements around the
mixing unit are designed in a way that makes changing to different mixing
configurations easy. The mixing unit materia is stainless stedl. Downstream of the test
section a3 stainless stedl pipeisinstaled to pre-separate the fluids before entering the
oil/water separator.
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3.1.5 Ted pipeand measurement sections

The test pipe, which islocated 2 meters (L/D = 35) downstream of the mixing unit, is
made of stanless sted, except for a 0.8 m transparent plexiglass pipe for LDA
measurements. The pipe has an outer diameter of 60.3 mm and an inner diameter of
56.3 mm. The test pipe isdivided into an entry section and two different test sections,
one for LDA measurements and one for measurements of local volume fractions by a
gamma densitometer. The test pipe, including the measurement sections, is shown in
Figure 3.4. The entry section is made long enough to make the flow fully developed
before the measurement sections. Differential pressure is measured over two stretches
as indicated in Figure 3.4. The LDA measurement section is described in detal in
Chapter 4, and the gamma densitometer section is described in Chapter 5.

\ 4

v
A 4

— g\)
] ————]-

Gamma
densitometer section

LDA experiment
section

Differential pressure
transmitters

Figure 3.4 Test section.

3.1.6 Control and safety instrumentation

Temperature

The temperature is detected by a thermocouple instrument located in the 3 “ stainless
steel-pipe downstream of the test pipe. There exist no possibilities for regulation of
temperature and hence when operating the pumps at high speed, the temperature rises

by afew degreesin the flow. Thetemperature islogged on a computer.
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Pressuredrop

The datic pressure in the system is measured in both oil and water pipes and is not
allowed to rise above 3.5 bar because of the transparent plexiglass pipe. As a
consequence of this restriction, both pumps are regulated to shut down if this limit is
exceeded. In the test section, two equa differential pressure transmitters are mounted
in connection to the test pipe. The first one (PDT-120) measures the differentia
pressure over a length of 10.21 m while the other (PDT-121) measures over 5.37 m.
Both transmitters are calibrated and scaled for their measurement range and delivers
the pressure drop in mbar/meter. The accuracy is +/- 0.075% of the measurement
range. The long-range transmitter (PDT-120) is mounted to detect eventual effects of
inlet conditions. However, experiments with the mixing unit presented in Figure 3.3
assure a fairly short entry length. Though only minor differences in the measured
pressure drop from the two transmitters were detected, the short-range transmitter
(PDT-121) is the one that is used in dl experiments that are presented later. The
pressure drops are logged and displayed on the computer.

Pump speed
Frequency transformers regulate the speed of each pump, and the values are logged on
the computer.

Flow rate
Four different turbine meters measure the liquid flow rates downstream of the pumps.
Each phase has two flow meters placed in pardld, one for the low flow rates (0.68-6.8

m3/h) and one for the high flow rates (3.2-32 m3/h). Only the flow meters for detection
of high flow rates (FT-109A and FT-114A) are indicated on the flow chart in Figure
3.1. All four flow meters are from the same manufacturer: Euromatic Machine & Oil
Co. Ltd. The smal meters have an accuracy of +/- 0.5 % of the output signal while the

larger ones have an accuracy of +/- 0.3%.

The principle of turbine meters is that the flowing fluid in the pipe will make the
turbine rotate and its rotary speed depends on the flow rate of the liquid. The speed of
the turbine can be measured simply by counting the rate at which the turbine blades

pass a given point usng a magnetic proximity pickup to produce voltage pulses. By
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feeding these pulses to an electronic pulse-rate meter one can measure the flow rate.
Thetotd flow is obtained by accumulation of the tota number of pulses during agiven

timeinterval.

3.1.7 Instrumental accuracy

All instruments have a specified accuracy, and this accuracy leads to a certan
deviation even when the instruments are operated within the calibrated range. Table
3.1 indicates the accuracy for the most important instruments with the exception of

the laser Doppler anemometer and the gamma densitometer, which is treated

separately.

Table 3.1 Total instrumental deviations.

Parameter | Instrument  Range Specific Instrument
tag number accuracy’

Largevol. | FT-109A 53-533 +/- 0.3%

flow FT-114A litresmin.

Smadll vol. | FT-109B 11-113 +/- 0.5%

flow FT-114B litresmin.

Long diff. | PDT-120 0-100 mbar +/-0.1%

pressure

Short diff. | PDT-121 0-50 mbar +/-0.1%

pressure

* The percentages are calculated of the span, which is equal to upper range value (URL) —lower range

value (LRL).

As an example, the expected deviation for flow meter, FT-109A, is +/- 0.3% of span =
480 litres/min., which equals +/- 1.44 litres/min. For the dP-cell, PDT-120, the
accuracy is+/- 0.1% of span = 100 mbar, which equas+/-0.1 mbar. These deviations

arewell indgde the accepted level for the measurements.

-48-

URN:NBN:no-1301



URN:NBN:no-1301

An experimental study of oil / water flow in horizontal pipes
Chapter 3: Flow facilities

3.1.8 Verification experiments

As a part of the testing and verification of the flow facility three preliminary

experiments were conducted.

o Verification of pump specifications - volumetric delivery as a function of pump

speed.

e Verification of differentid pressure transmitters - friction coefficient as a

function of Reynolds number.

e Comparison of the volumetric flow from an integrated LDA veocity profile

with flow meter readings.

The basic test pipe data and fluid properties needed for the experiments are presented

in Table 3.2.

Table 3.2 Test pipe data and fluid properties.

Density water:

Viscosty water:

Flow area:
Length PDT-120:

Length PDT-121:

Pipe roughness:

Density Exxsol D-60:

Viscosty Exxsol D-60:

Interfacial tension (o/w):

Inner pipe diameter:

790 kg/m*(25°C)
0.00164 Pa s (25°C)
1000 kg/m® (20°C)
0.00102 Pa s (20°C)
43 mN/m (25°C)
0.00563 m
0.0024895
1021 m
537m

1.00x10° m
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1. Verification of the pump specifications - pump speed and volumetric flow.
The experiment is done to verify the pump specifications given by the
suppliers. Theddivery or the volume flow rate should be linear with respect to
the pump speed. The speed is measured by conversion from the frequency
transformers by Adam modules and the volume flow rates are measured with
the turbine flow meters. A high degree of linearity in the operating range for the
pumps would also serve as verification of the flow meters. The results from the

experi ments are presented in Figure 3.5

400

350 f.‘.
300

250 BQEU
200 Qa}ag
150 pgg

g‘d
100 0;/ —e— Water-pump
—o— QOil-pump

Volumetric flow [litre/min]

a1
o o
|

200 400 600 800 1000 1200
Pump speed [rpm]

o

Figure 3.5 Volumetric flow versus pump speed.

The measurements of volume flow are done with the turbine flow meters FT-114A and
FT-109A, which are indicated in the smplified flowchart in Figure 3.1. They have a
range from 53-533 litresymin. From Figure 3.5 it can be seen tha the experiments
follow a linear path as expected for volumetric pumps. For high pump speeds the
linearity is very clear, but for low speeds, especidly below 200 rpm and thus below the
flow meter range, the volume flow measurement starts to be more inaccurae. To
prevent poor volume flow measurements in this area additiond flow meters are
ingtalled, which operates only at low flow rates, see Table 3.1. These are indicated on
the full flow sheet presented in Appendix Al. For most of the experiments presented in
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this thesis though, it is sufficient to use only the flow meters for large flows. In genera
the results from the experiments presented above are in accordance with the given data

from the suppliers.

2. Verification of pressure drop and volumetric flow ingruments — friction

coefficient and Reynolds number.

The second experiment is to see how well measured volume flow and the resulting
measured pressure drop fits andytica data. The experimenta friction factor or friction
coefficient is calculated from Equation 3.1

d dp

1, & (3.1)

Here, up is the bulk velocity of the flow calculated from the volumetric flow and the
flow areaand dp/dx isthe measured pressure drop per meter. Thefriction coefficient is

plotted againgt the Reynolds number given by:

3.2)

The data should fit andytica data quite well. Presented in Figure 3.6 and 3.7 are the
experimenta friction coefficient compared to three empirica friction coefficients or
correlaions for single-phase water and single-phase oil, respectively. The empirical
correlaions are given in Egs. 3.3-3.5. The firg is the friction factor correlaion of
Haaland (1983)
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1 69 (e )
F = —1.8Iog[% +[3'7di ] ] (3.3

The coefficient of Haaland (1983) is valid for Re between 4000 and 10° The
roughness parameter, e, which is used for the experiments, is 1.00x10° m.

Thenext corrdation isthe classical Blasius friction factor [Kays and Crawford (1993)]
given by:

f =0.312Re*® (34

This correlation is known to fit experimenta data well for Re between 10000 and
50000.

The last is an empirica corrdation that closdly fits the Karman-Nikuradse equation
(i.e. itisacorrdation that is much more convenient to use than the avkward Karman-
Nikuradse equation, which requires an iterative solution procedure) and is valid for Re
between 30000 and 1000000 [Kays and Crawford (1993)]:

f =0.184 Re%® (35)
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From Figure 3.6 it is evident tha the experiments in single-phase water fit the
andytical data well. For lower Re, the experiments seem to follow the curves from
Haaland and Blasius better than the Karman-Nikuradse fit off. Figure 3.7 displays the
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single-phase oil measurements. Here, the experimental friction coefficient differs a
little from the analytical friction correlations of Haaland and Blasius. The fit off of the
Karman-Nikuradse equation gives the best prediction of the friction coefficient
compared to experimenta daa. The overal conclusion from the pressure drop
measurements in single-phase flow istha the experiments show good agreement with
anaytical corrdations. This means that the pressure drop measurements done by the
dP-cells are satisfactory.

3. Comparison of the mean velocities from volume flow meters and LDA.
Presented in Figure 3.8 is the LDA measurement of the axid velocity in flows of
single-phase water and single-phase oil. The velocity profiles presented are from
measurements in a volume flow of 150 litresmin corresponding to a bulk velocity of
1.0m/s

Ub=1.0m/s

1.4
1.2
1.0
0.8
0.6
0.4 water .

0 ® single-phase oil
T [T

0.0 i \ \ i i
-1 -08 -06-04-02 0 02 04 06 08 1

Position (-)

O single-phase

PINY o(]lo.i’

U [m/s]

Figure 3.8 Axid velocity profiles for single-phase flows of water and oil at a bulk
velocity of 1.0 nvs.

Both the velocity profile for sngle-phase water and single-phase oil are integrated
over the entire cross-section of the pipe. The resulting volume flows are compared
with the flow meter readings and presented in Table 3.3
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Table 3.3 Comparison of flow meter reading and LDA measurement.

Waer flow rate Qil flow rate [litres/min]
[litres/min]
Flow meter reading: 150.1 150.1
Integrated velocity profile: 153.2 153.0
Deviation: 2.1% 1.9%

URN:NBN:no-1301

The differences seen in Table 3.3 are small and it shows that the LDA measurements
are quite good for single-phase flow. The integrated velocity profile gives a volume
flow that is about 2% higher than the flow meter reading. The reason for this
deviation can perhaps be explaned by optical or statistical errors in the LDA
measurements. However, it is more likdy that the flow meters cause the deviation
since the LDA instrument in itsdf is a very accurate instrument. This is thoroughly
discussed in the Chapter 4. The deviations of the flow meter readings have been
previously discussed.

Summary
The three verification experiments show satisfactory results compared to the

expectations and acts asbasis for the experiments presented laer in thethess.

32THEMATCHED REFRACTIVE INDEX FACILITY

The name of this flow facility, the matched refractive index flow facility, originates
from the later to be discussed refraction index matching method (in Chapter 4) for
optica improvement in laser Doppler anemometry. Since our matched refractive
index system includes a hazardous and expensive solvent, a small-volume test facility
was built in order to handle tha particular liquid. The overall layout of the facility is
displayed in Figure 3.9. The test rig consigts of an enclosed vessel with a volume of
200 litres, induding a mixer/blender to homogenise the oil and water phases. The

vessel is connected to alow shear pump, with a capacity of 35 m¥h, which transports
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the dispersion through a Coriolis mass flow meter, to monitor the tota mass flow and
the mixture density, and further into the test section.

The test section is an 8 m long horizontal stanless stedl pipe with inner diameter of
56.3 mm, except for a 0.9 m long trangparent glass section. This section provides
optical accessfor LDA measurements and includes a rectangular box built around the
cylindrica pipe. The test section aso includes a differentia pressure transmitter to
monitor the pressure drop, a traversing gamma densitometer (described in Chapter 5)
to measure local phase fractions and a temperature sensor. Downstream of the test

section aheat exchanger provides stable temperature during the experiments.

To initiate the experimental conditions, the tank volume is homogenised by the mixer
before circulation starts. The system is switched to tank bypass operation by opening
vave V-3 when the phase ratio is close to desired water cut. Monitoring the density
readings from the Coriolis mass flow meter makes the switch. The water cut is then

adjusted by opening of valve V-1 or V2, which will either increase or decrease the

H@
U%

Heat V-6
Exchanger

V-5

water cut.

Closed
Vessel
200 litres

Water / oil
dispersion

Section

v T . &
Test 2/

E Flow =

Straightening

=

Pump

Figure 3.9 The experimental layout for the MRIF system.
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CHAPTER 4:
LASER DOPPLER ANEMOMETRY - LITERATURE REVIEW
AND BASIC THEORY

4.1 INTRODUCTION

Laser Doppler anemometry (LDA) is one of several optical measurement techniques. If
we travel afew decades back intime Durst et d. (1981) divided the optical techniques
into two classes. Image formation and interference pattern formation. Image formation
techniques treat information of the spatial intensity distribution of the image of an
object. This is exemplified by for instance ordinary photography. The interference
pattern technique makes use of both the intensity distribution and the phase distribution
of the light. Laser Doppler anemometry is an example of such a technique and phase
Doppler anemometry (PDA) is another. The formation of an interference pattern makes
it possible to determine the vel ocity of a particle by measuring its transit time across a
given number of interference fringes. Figure 4.1 displays a generd laser Doppler
anemometer layout.

Prism

Receiving

Lens Lens

. Photo
Signal ——1 detector >< g Laser
Processing

Flow

Figure 4.1 Schematic representation of a laser Doppler anemometer [Durst et al.
(1981)].

The laser source in Figure 4.1 produces coherent light as opposed to pulsating lasers.

The beam is split into two partsin a prism and focused by a lens to cross somewhere
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insde the flow in which veocity is to be measured. An interference pattern occurs in
the crossing volume of the two laser beams. Scattered light from particles passing this
crossing volume is observed by the receiving part of the system consisting of the
receiving lens and a photo detector. The photo detector convertsthe scattered light into
an electronic signal that is processed by a signal processing system.

4.1.1 Three measurement modes

At least three different measurement principles or modes exist. These are the reference
beam mode, the dual beam mode and the two-scattered beam mode. Different optical
arrangements are possible in each of those modes. Severd of these arrangements are
outlined in detail in Durst et al. (1981). The reference beam arrangements and the dua
beam arrangements are the ones most used. When applying the reference mode the
laser beam is split into one intense scattering beam and one less intense reference
beam. The reference beam is directed to the detector where it is compared with the
scattered light from particles passing the stronger beam. Since the frequency of the
scattered light is altered due to the Doppler effect it has a frequency difference
compared to the frequency of the reference beam that is proportiond to the particle
velocity. In the early years of LDA, severd investigators used optical set-ups using the
reference beam mode. Y eh and Cummins (1964) who were thefirst to demonstrate the
LDA technique in practice used an optica arrangement classified as a reference beam
mode They measured the laminar flow of a mono dispersion of polystyrene spheresin
water in acircular tube. Their optical setup is the one presented in Figure4.2. It isalso
worth to notice that they used a Bragg cell to add a frequency shift to the reference
beam. Bragg cdlsin general will bediscussed later.
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6328 A He-Ne Laser }—g
| N

Photomultiplier

Figure4.2 Opticd setup of Yeh and Cummins (1964) using the reference beam mode.

The dual beam mode implies two intersecting laser beams of equd intensity. In the
intersection they produce an interference pattern with fringes. This will be discussed
in detail in Section 4.2.3. When a particle passes the fringes, the intensity of the
scattered light that hits the photo-detector varies. The variation is proportiona to the
particle velocity. Brayton, Kalb and Crosswy (1973) used an optica setup that fdlsin
the category of the dua beam mode. They measured two velocity components
simultaneously in a wind tunnel. Figure 4.3 shows this optical setup using the dua

beam mode.

Electronics
Flow
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Figure 4.3 Optica setup of Brayton, Kalb and Crosswy (1973) using the dud beam

mode.
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Findly, the two-scattered beam mode, involves a single focused laser beam. When a
particle in the flow is exposed to the laser beam, light can be scattered in dl space.
The scattered light in two of the directionsis captured symmetrically about the system
axis. The captured beams are then combined and their rdative difference in wave
front phase indicates the distance of the particle from each detector. In that way, when
a particle crosses the laser beam the scattered light beams interfere in a manner that
makes the light intensity a the detector fluctuate at the Doppler frequency. The
simultaneous measurement of two velocity components that are perpendicular to each
other is the main advantage. Mazumder and Wankum (1970) were among the first to
use the two-scattered beam mode. They dso extended the method to use two incident
laser beams instead of one. They concluded that this extension improved the optica
alignment procedures. Their optical setup ispresented in Figure 4.4.

Flow
Beam
Splitter

50 mW | >
He-Ne Laser (I
Y

Yy

Spectrum
Analyzer

Amplifier

Figure 4.4 Opticd setup of Mazumder and Wankum (1970) using the two-scattered
beam mode.

Although the differences between the last two modes may appear small they till are

classified as two modes by severa investigators. It is aso important to remember that

the three mentioned modes are results from the early development in LDA
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technology. Today's LDA principles take advantage of more than 35 years of research
but the set-up used in this thesis are similar to the basic dud-beam mode.

During the sixties and seventies the optical setups for laser Doppler anemometers
developed rapidly. In the beginning laser Doppler anemometers were difficult to
operae in the sense that the alignment procedures were tedious. The devel opment in
the technique as well as the invention and use of new parts made them easier to
operae. While the first laser Doppler anemometers could only measure one velocity
component at a time, it is now common that they have the ability to measure three
velocity components simultaneoudly. And while the first investigators used the laser
Doppler anemometer to measure mean velocities, the method soon developed into
measurements of turbulence. George and Lumley (1973) were among the first to
successfully employ LDA to measure the turbulence in the form of spectrum analysis
in a closed circuit water tunnel using homogenized milk as tracers. Today laser
Doppler anemometers are easy to operate and extensvely used in research and
devel opment. Areas like the aerospace industry and the petroleum industry are among

them.

4.1.2 From LDA to PDA

Durst and Zare (1975) showed that large particles, that is, even larger than the size of
the measurement volume could produce Doppler signals. The Doppler shifts for the
two specid cases of areflecting spherica particle and a refracting spherica particle
were found. They proposed that if two laser beams are used, reflection, refraction and
scattering from a particle contributes to the tota distribution of light in space. They
also proposed that a fringe pattern existed in space, and tha the location of this fringe
pattern depends on the arrangement of the incident beams and the shape and location
of the reflecting surface. This discovery meant that the particle size could be obtained
as wdll as partide velocities. A decade later Saffmann, Buchhave and Tanger (1984)
extended the techniques of Durst and Zare when publishing a paper on phase Doppler
anemometry (PDA) for determining simultaneous measurements of velocity and size
of partides. Today, PDA is a common measurement technique, and many laser

systems can be operated both as an LDA system and as a PDA system. However,
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LDA isthe focus of this work and thus the principles of the PDA technique are not

outlined out here.

4.1.3 LDA in multiphase flow

Severa publications in the early days of LDA include measurements in two-phase
flows. For example, Davis and Unger (1973) did velocity measurements of gas
bubbles in water in a circular tube. They were able to discriminate between scattering
signds derived from bubbles and the ones from water. They also used a refractive
index matched viewing cell to reduce displacement errors due to the travel of laser
beams through media with different refractive indices. The effects of the refractive
index matching viewing cell and such a system in particular will be discussed in
Section 4.4. Durst and Zaré (1975) showed that LDA could be employed to measure
velocities in two-phase flows of gas bubbles in liquid and liquid drops carried by a
gas. Sullivan and Theofanous (1979) used LDA for measurements of nitrogen bubbles
carried by water in a glass pipe. Through the years, LDA became a useful tool in the
study of multiphase flow. Special techniques were developed to discriminate between
Doppler sgnds from tracer particles and larger particles or bubbles. Zisselmar and
Molerus (1979) took advantage of the method of refractive index matching in LDA
measurements in a solid-liquid (optica glass-methyl benzoate) system. The principle
in this method is to choose phases with equa refractive indices. For ingance when
studying liquid-bubble flow, the tracer particles and the continuous liquid phase
should have the same refractive index. The laser beams will not "see" the tracers, and
the Doppler signas from a third component, like a larger particle or bubble, can be
detected. Shao (1996) used this technique when carrying out measurements in both
two- and three-phase systems. One of the experiments was measurement of velocity
distributions of bubbles in water. Considering measurements in liquid-iquid two-

phase systems there have been very few experiments conducted using LDA.

In this thesis focus is set on oil/water systems. The petroleum industry is one that
often involves simultaneous flow of gas oil and waer. When laser Doppler
anemometry is applied to flows with more than one phase, measurements are often
restricted by the lack of optical visibility in the flow. For instance, when studying

oil/water flow in a horizonta pipe, the mixture of oil and water must be transparent
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for LDA to be used. When two flows of transparent liquids are mixed, the resulting
mixture might be transparent or non-transparent depending on the mixture velocity
and water cut. A dratified or separated flow will be transparent, while a fully
dispersed flow will contain droplets that make the mixture much |ess transparent. To

overcome some of the problems, refractive index matching techniques can be used.

4.1.4 Advantages and disadvantagesusing L DA
Compared to other techniques for measuring vel ocity components like for instance,
constant temperature anemometry (CTA) using ahot wire and pitot-tubes, the LDA

technique offers several advantages.

» Non-intrusive. The technique does not affect the flow field in any way, except for
the fact that it needs a certain concentration of suspended particles to obtain light
scattering. The effect of such particles will be discussed later. Both hot-film and

pitot-tubes are intrusive techniques.

» High spatial resolution. The technique offers the possbility to make loca
measurements since the measuring control volume usudly is in the range of 100-
200 micrometers. Neither CTA nor pitot-tube techniques can offer such a small

measuring volume. For CTA the resolution is about 1 mm.

» Fast dynamic response. The fast signd processng electronics, in combination
with on line monitoring with a computer, displays the veocity components

virtually as thetracer particles pass the control volume.

» Well-defined velocity component. Once the LDA system is properly instaled and
adjusted the detected vel ocity, which isthe projection of the velocity vector on the
measuring direction determined by the optica system, has awell-defined direction

in space.

» Wide measuring range. Ve ocities down to a few centimeters/second and up to
several meters/second can be detected with the same LDA system.
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» No need for calibration. The measurements are based on the stability of

electromagnetic waves, which are practicaly unaffected by physical parameters

such astemperature and pressure.

The mgor disadvantages of the LDA technique are:

» Velocity measurements of suspended particles (tracers) and not the fluid itself.

The actud velocity information comes from the scattered light of the suspended
particles as they penetrate the measuring control volume. A fluid without tracers
will not produce any information for the LDA technique. Highly dynamic flows
with very strong acceleration or deceleration can cause severe problems for
accurae LDA measurements. In such a flow, the particles can no longer be

expected to follow the streamlines of the flow.

Optical properties of the experimental setup. The nature of the technique is to
have full optica access to the desired measuring location. This means tha
velocity measurements in a pipe flow require both the pipe materia and the fluid
to be opticdly transparent. The refracting properties of all materids involved are
also important since this can digtort the path of the laser beams and effectively
destroy the measuring control volume. For instance dispersed droplets with a
refractive index different from the continuous phase can cause severe problems

with respect to keeping awe I-defined shape and location of the control volume.

Expensive equipment. A modern LDA system can be very expensive. The laser

system used in thiswork needs regular maintenance.

Immobility. Small portable LDA systems exist, but often the laser with dl the
suppl ementary equipment requires a couple of square meters. Once aL DA system
is placed in alaboratory it is not rare to bring the flow facility to the laser instead

of the laser to the flow facility.
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4.2 BASIC PRINCIPLES
In this chapter the basic conceptsin LDA measurements are discussed. Among these
arethe classicd interpretations of the Doppler shift, the fringe model and the control

volume.

4.2.1 Thelaser beam
A laser beam from a gas laser is coherent in space. The intensity of the beam has a

Gaussian distribution a dl cross sections dong the beam as shown in Figure 4.5.

1(r)

Ny

Figure4.5 Laser beam with Gaussian intensity distribution [Dantec reference guide
(2000)].

By defining z as zero in the beam waist it is possibleto express the divergence and the
diameter of the laser beam as wel as the radius of the wave front in terms of
wavelength, beam diameter at beam waist and z. The divergence, a, together with the

beam diameter, d, and the wave front radius, R(z), are given by Egs. 4.1-4.3:

42
wd,

d(2)=d, /1+[£22] : limd(z2) =az 4.2)
mds ze

(4.1)
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nd?

R(z)=zll+[m]} . NimR(Z)=e , IMR(2) =2 4.3)

z—0

It is common to define the width of the beam by the edge intensity equa to 1/€” of the
core intensty. Here, eis a mathematical constant equd to 2.71828. This corresponds
to about 13.5% of the core intensity. The cross section of the laser beam is narrowest
at the beam waist. The beam waist diameter is a unique property of a laser beam.
Visudly it isdifficult to observe the beam waist. Thelaser beam appearsto be straight
and to have congtant thickness. The reason why the beam waist is so important is that
this isthe part of the laser beam where the measurements of particles should be done.
The wave front is plane in the beam waist and curved dsewhere. Another way of
saying this is that the radius of the wave front goproaches infinity as z approaches
zero. Thus the theory of plane waves can be employed in the beam waist area of the

laser beam [ Dantec reference guide (2000)].

4.2.2 The Doppler shift

The basic concept of LDA is the detection of the Doppler shift (or Doppler effect) of
scattered light from suspended particlesin the flow. This phenomenon is caused by a
frequency change of a wave motion due to the relative movement between the wave
source and the wave receiver. This can either be obtained with amoving source and a

stationary receiver or vice versa.

Doppler effect caused by a moving sour ce

Consider theillustration of a moving source and a stationary receiver in Figure 4.6. If
the propagation speed of the wave is ¢, then for a stationary source the emitted wave
hastraveled a distance of ct during the time t. If the wavel ength of the waves from the

stationary source is A, then the frequency recorded by the recever is:

f = (4.4)

<
A
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The wave sourceis now moving at avelocity V . If the unit vector along the axis from
the source to the receiver is &, the source has traveled a distance (V -€) t in the

direction from the source to the stationary detector or receiver.

Source Receiver

Figure 4.6 Doppler effect in a system with a moving source and a stationary recei ver
[Shao (1996)].

When the source is moving, the emitted wave is squeezed into a space given by the
length L:

L=(c-V- &t (4.5)

The gationary receiver will then receive a wavelength from the moving source (ms)

equal to:

A = ' (4.6)

3

The receiver will record the corresponding frequency of the emitted waves from a

moving source:
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™A V-e @4.7)

The frequency difference between the wave emitted from a stationary source and a

moving sourceis.

Af=f —f V&

Cc

If the velocity of the moving source is much smaller than the velocity of propagation

of the emitted wave, the frequency differenceis reduced to:

_V .&

4.9
s 1 (4.9)

Af

Doppler effect caused by a moving receiver

If the receiver is moving a a velocity V' and the wave source is stationary, the
Doppler effect again results in a frequency difference recorded by the moving

receiver. The Doppler effect caused by a moving receiver is shown in Figure 4.7.

_(c-V-9
mr Z,

f

Source Receiver

Figure 4.7 Doppler effect in a system with amoving receiver and a stationary source
[Durst et. a. (1981)].

-68-



URN:NBN:no-1301

An experimental sudy of oil / water flow in horizontal pipes
Chapter 4: Laser Doppler Anemometry — literature review and basic theory

At an ingtant of time, t, the receiver is at a certain distance from the stationary source.

In unit time the receiver has moved a distance of V - & from the source where the
wave was emitted towards the receiver. Compared to the number of wave fronts the
source transmits, the receiver will, because it is moving, record more or fewer wave
fronts, depending on the direction of movement. The wave frequency from the

stationary source recorded by the moving receiver isthen given by:

_c-Vv-e Ve (4.10)

The frequency difference recorded by a stationary receiver compared to a moving

receiver becomes:

)

o+

Mo=f-f = (4.12)

~|

Doppler effect caused by a scattering particle

In LDA velocity measurements the laser is alight source. Small particles suspended
in aflow will scatter the light when passing through the laser beam. In this system
illustrated in Figure 4.8, a scattering particle acts as a moving receiver with respect to
the stationary laser source and as a moving source with respect to the stationary light
detector.

. Receiver

Scattering
Particle

@ '

Lo \

SO

Figure 4.8 Doppler effect caused by a moving scattering particle [Shao (1996)].
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The frequency of the waves recorded by the moving scattering particle acting as a

moving receiver is.

) (412)

The frequency of the wave recorded by the light detector from light scattered by the

particle acting as a moving source is given by:

C
= (4.13)

where g is the unit vector in the direction from the light source to the scattering
particle and &, is the unit vector in the direction from the scattering particle to the

light detector.
For this system the total frequency shift is given by:

—L (4.14)

The absolute value of V is much smaller than ¢, thus the denominator in Equation

4.14 can be neglected. The smplified equation then becomes:

Af, = \@ (4.15)
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Doppler shift for the differential (dual beam) mode L DA
As described in Section 4.1 the dud beam mode is when two laser beams of equal
light intengity intersects at the point of investigation. Two incident beams with a

crossing angle o illuminate the scattering volume simultaneously. The scattered light
is observed from athird direction by alight detector. Figure 4.9 shows in principle, a

sketch of amoving particle at the intersection of two incident laser beams.

‘ Photomultiplier

Figure4.9 Principal sketches of the vectorsin dua beam LDA [Shao (1996)].

Since the light scattered by the particle originates from two independent light beams
the scattered light will dso have two distinctive angles. The beams reach the detector
at the sametime. A so-called beat is obtained with afrequency equa to the difference
in Doppler shift, corresponding to the two angles of scattering. The Doppler shift
from dual beam scattering are given by Equation 4.15, and rewritten they become:

Afy, = @ (4.16)
Af,, = @ (4.17)
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thus, the beat frequency received by the detector is:

fo = Af,, - Afy, = @ (4.18)

If we decompose the vectors in the perpendicular direction to the bisections of the two

incident laser beams and denote 1 as the difference between aand et Eq. 4.18

becomes:

f = 2V ng) i (4.19)

_E_(Zsin(a/Z)]a 2, sin(e/2)
D Zv -\ 5 - .

where fi, isthe unit vector in the given direction and V. is the velocity projection in

the same direction. The calculation of vel ocity is given by:

\Z :#fo
2sin(x/2)

(4.20)
From Equation 4.19 it can be seen that the value of the frequency of the Doppler
signds is independent of the receiving direction. This means that the scattered light
can be collected over a wide aperture. It also means that al the scattered light will
contribute to the signal. For LDA operated in the reference beam mode this will not
be the case [ Shao (1996)].

4.2.3 Thefringe model

An alternaive way to describe the dua beam system is to consider the interference of
two laser beams in their intersection or measuring control volume. Rudd (1969)
proposed a theoreticall model for the interpretation of LDA signas based on the
interference or fringe patern. This model was laer caled the fringe modd, and it
considers two laser beams (with Gaussian intensity distribution) intersecting a their

waist regions. Here, the wave front can be treated as plane, and a pattern of plane
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interference fringes will be generated in theintersection region. Figure 4.10aillustrates
this fringe pattern, which will be pardld to the bisector of the two beams. In the figure,
velocity is measured in the x-direction. Figure 4.10b isa similar sketch that is useful in

the calculation of the fringe spacing.

.
P Ny

Figure 4.10a Fringe pattern arising from two laser beams [Dantec reference guide
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Figure4.10b Determination of the fringe spacing.

By elementary geometry the spacing between the fringes, d, is proportiond to the
wavelength and inversely proportional to the sine of haf the intersecting angle o:

A

df = m (4.21)
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Thelight intensity varies inside the interference area, and thus the scattered light from
a particle moving through this area will vary accordingly to this intensity. A photo
detector can detect the intensity variation of the scattered light. The frequency of this
variation in scattered light intensity can be expressed as:

_Vri, 2V, sin(o/2)

f o=
>~ g, 2

(4.22)

This result is equd to the one of Equation 4.19. The above relation between the
Doppler frequency shift and the velocity of the particle indicates that the perpendicular

velocity component can be found when the Doppler frequency shift is known.

Above it is stated that the two laser beams intersect at the beam waist. If thisisnot the
case, the wave fronts can no longer be regarded as plane in the volume of intersection.
Further the fringe spacing is no longer constant, but varies within the intersection
volume. The measured Doppler frequency will as a conseguence a so vary, depending
on the position of the particle within the intersection volume. The Doppler frequency is
no longer proportiond to the particle veocity when the wave fronts are curved. The

find result is measurement errors [Dantec reference guide (2000)].

Fringedistortion

Investigation of fringe distortion is reported by for instance Ruck (1991) and Zhang
and Eisd e (1998). When tracer particles pass the laser beams shortly before the control
volume, a distorted fringe pattern may occur. This is examined in the experimenta
work reported in Ruck (1991). Here, the fringe pattern variations were studied by use
of video imaging techniques. When aparticle is passes the centre of the control volume
at the same time as a particleis passing one of the beams outside the control volume, a
disturbed signd will be produced. The period length of the signd will vary according
to the digtortion of fringe spacing. Particles that pass the beams several millimetres
away from the control volume can, according to Ruck (1991), affect the measurements.
Ruck (1991) aso observed that not only particles passng the laser beams shortly

outside the control volume, but particles inside as well could disturb the fringe pattern.
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The latter is often the case when two or more particles are located inside the control

volume at the same time.

Consider two particles passing the fringes a, for ingtance, the centre of the control
volume. Then the firgt "disturbing particle” might leave behind a distorted fringe
pattern for the second signa-producing particle. The result of fringe distortion is often
a broadening of the veocity probability distribution, which again means a higher
measured turbulence level. The size and concentration of tracer particles should
therefore be selected with care. As a consegquence of the results reported by Ruck
(1991) it isnatura to assumethat not only tracer particles but a so bubbles and droplets
will have the same effect. In the experiments reported in this thesis, water dropletsin
oil and oil droplets in water might occur. These droplets might be located in the flow
and pass the laser beams at positions close to the control volume. Droplets that are

attached to the pipewadl and "fall" down to cross one or more beams can al so appear.

Zhang and Eisele (1998) classified the fringe digtortion into three groups. These are
fringe distortion due to improper optica layout, fringe distortion due to astigmatism
because of beam refractions (in other words errors from lenses), and loca fringe
distortion due to local laser light diffraction through particles in the transmission paths
of the laser beams. The latter is the same as reported by Ruck (1991). As opposed to
the quditative experiments conducted by Ruck (1991), Zhang and Eisde (1998)
developed a quantitative understanding of fringe distortion. For the case of fringe
distortion due to improper optical layout, they developed a fringe distortion number
and related it to overestimation of turbulence. Their conclusion was tha overestimation
of turbulence and mean velocity normally was negligible, except for flows with very

low turbulence.

4.2.4 The measuring control volume

The fringe model provides an easily visudized picture of the generation of the Doppler
signds and renders a basis for explaining a number of features related to the Doppler
signd. If we combine this model with a Gaussian light intensity distribution we get a
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complete picture of the interference or fringe region formed in the intersection of the

two beams. Figure4.11 displays the measuring control volume.

Laser beam Length

Heigth

Laser beam
2

Figure4.11 Measuring control volume [Dantec reference guide (2000)].

The intersection of the two beams forms the measuring control volume. The control
volume forms an ellipsoid with the following dimensions:

. d d
Height=—% . Width=d,,  Length= —0 _ ,
A= s 2) T TR (423

As mentioned earlier, the control volume is defined as the contour where the light
intensity is 1/€” or 13.5 % of the peak light intensity of the beam. The width of the
control volume is do. Thus the measuring control volume can be visualized as an
ellipsoid whose volume is filled with parallel fringe planesin the crossing volume. The

number of fringesis calculated from the fringe spacing, dr, and the he ght of the control
volume:
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do
_height _ cos(@/2) _2d,
R i mah tan(e/2) (4.24)
2sin(@/2)

The number of fringesisrelated to aparticle passing d ong the vertical axis through the
centre of the control volume. If a particle is passing through the control volume closer
to the edge, it will passfewer fringes. A particle should pass a sufficiently high number
of fringes to produce high quality measurements. The number should typicaly be
between 10 and 100 fringes [ Dantec reference guide (2000)]. It is possible to set the
signd processor to validate only signds from particles passing an acceptable number
of fringes. The frequency shift will make fringes rolling through the control volume.
As aresult of this fringe movement the effective number of fringes passed by a particle
will either increase, if the fringe movement is toward the particle movement, or
decrease if the fringes move in the same direction as the partide [Dantec reference
guide (2000)].

It is important that the beams overlap as much as possible, but also that the beams
intersect at their waists, i.e. where the wave front can be regarded as planar. It can have
a severe effect on the LDA measurements if the intersection is outside the beam wai <.
Then spherical, rather than planar wave fronts, interfere and the fringe surfaces
generated are no longer paralld, as is the case for beams with planar wave fronts.
Under these conditions two particles penetrating the control volume at different
locations but with equa velocity will generate different Doppler signds and hence
different ve ocities.

4.2.5 Frequency shift

From Equation 4.19 it is evident that negative velocities will produce negative
frequencies. However, the receiver will not be able to distinguish between positive and
negative frequencies, and a directiona ambiguity occurs. This ambiguity without the
use of frequency shift isshownin Figure4.12.
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Figure 4.12 Directiona ambiguity without frequency shift [Dantec reference guide
(2000)].

To overcome this problem one of the laser beams is passed through a Bragg cell. The
Bragg cell, whose principle is shown in Figure 4.13, consists of an oscillating dab of

glass.

) Transducer
Travelling wave front

fo =40 MHz

A
)

7 Os First order
& ! fi+fo diffracted beam
\ Glass cell

Absorber /

Figure4.13. Bragg cell [Dantec reference guide (2000)].

Direct

/f,l/ beam
\\

At the upper side there is an oscillator driven electro-mechanical transducer. The
trangducer creates an acougtic wave tha propagates through the slab generating a
periodic moving patern of high and low density. The lower side of the slab is shaped
to minimize reflection of the acoustic wave and is attached to an acoustic absorbing
material. The incident laser beam with frequency, fi, hits the travelling wave front,
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which acts as a diffraction grating. The interference of the scattered light by each
acoustic wave front will cause emission of intensity maximum in severa directions. By
adjusting thetilt angle of the Bragg cell, 0, it ispossible to adjust the intensity ba ance
between thedirect beam and the first-order diffracted beam. The Bragg cell ads a fixed
frequency shift, fo, to the diffracted beam:

2V, sin(e/2)

fo =T, + 1

(4.25)

As long as negative particle velocity does not produce a larger negative last term in
Equation 4.25 than the shift-frequency, fo, the measured Doppler frequency will be
positive. A typica value is fo = 40 MHz. Resolving of the directiond ambiguity is
shown in Figure 4.14 for vel ocity component U.

A
fo
fo L foo |fo + _2SNO2) v
7\‘ \
»
-V +V Vv,

Figure 4.14. Resolving directiond ambiguity with the use of frequency shift [Dantec
reference guide (2000)].

The introduction of a frequency shift will tilt the fringes dightly. But since the
frequency shift of 40 MHz is so much smaler than the frequency of the laser light,
meaning that the difference in wavelength between the shifted and the unshifted beam
is much smaller than the wavelength of the laser beam itself, the phenomenon can

normally be ignored [Dantec reference guide (2000)].
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4.2.6 Backscatter and forward scatter

When a particle passes through the control volume the majority of the laser light is
scattered in directions away from the transmitting optics. In Figure 4.15 an incident
laser beam hits a sphericd particle. The three most important modes of scattering are
the reflected light, the 1% order refracted light and the 2™ order refracted light. There
are other higher orders of refraction, all with successively lower light intensty.
Depending on the type of particle, droplet or bubble exposed to the laser light there
may exist one scattering modethat isdominant with respect to the others.

Reflected

part

Incident
beam

>

1% order

refracted
part
2" order
refracted
part

Figure4.15 Light scattering by a particle [ Dantec reference guide (2000)].

Theterm forward-scatter generally refers to the detection of the 1% order refracted light
while backscatter refers to detection of 2™ order refracted light and reflected light. The
conception of side scatter is sometimes used about detection of the reflected light.
Instead of these definitions of forward scatter, backscatter and sde scatter referring to
which part of the scattered light detected, there existsamore practical definition. When
both the transmitting optics and the receiving optics are placed in a common housing
one can use the term backscatter. When the transmitting optics and the receiving optics
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are placed in separate housings the term forward scatter can be employed. It is dso
sometimes referred to as side scatter or off axis scatter when the receiver has an angle
relative to the transmitting optics. Figure 4.16 shows the difference between the LDA
principles of forward scatter and backscatter.

Flow

L |

] v
Laser Receiver
[:::::::} L]

Beam —‘

splitter

Backscatter
LDA

Flow

Lo |

Laser r Receiver

Beam
splitter

.

A

Forward
scatter LDA

Figure 4.16 Backscatter setup and forward scatter setup [Dantec reference guide
(2000)].

In the early days of LDA, forward scattering was most common and the receiving
optics was positioned opposite to the transmitting laser probe, like the setup by
Brayton, Kalb and Crosswy (1973) shown in Figure 4.3. The reason was that the

amount of light scattered back to the receiver was much smaller. However, the
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development in laser technology has made it possible to obtan good measurements
even when the intensity of the scattered light is low. Thus, today the backscatter
technique is most usud. In some cases though, forward scatter may be the only way to
obtain measurements. One of the advantages of backscatter is the escape of the time-
consuming alignment procedure using two separate units. In the LDA measurements
presented in thisthes s the backscatter setup isused [Dantec reference guide (2000)].

4.2.7 Signals

A current pulse from the photo detector contains information from the LDA
measurement. The information is frequency related to the measured velocity. In
addition to the frequency information the photo current also contains noise. By proper
selection of the laser power, the type and size of seeding particles and other optical
system settings the noise can be reduced. According to severa investigators, like for
ingtance Ruck (1991), the number of seeding particles present in the control volume
simultaneoudly affects the signd quality. If on average much less than one particle is
present in the control volume, it is caled a burst type Doppler sgnal. Figures 4.17a
and 4.17b show the non-filtered and the filtered Doppler burst, respectively. The
filtered signd appears after a high-pass filter removes the DC-part and this signal dso

serves as the input to the signd processor.
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Figure4.17b. Filtered Doppler burst [ Dantec reference guide (2000)].

If more particles are present in the control volume simultaneoudly it is called a multi-
particle signal. According to Dantec, most modern LDA-processors are designed to
handle only single-particle bursts. When a multi-particle burst occurs the processor
will normally estimate the velocity as a weighted average of the particles present in the
control volume. Multi-particle scattering may create noise, which can be difficult to

remove.
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4.2.8 Seeding particles

It is important to choose the right seeding particles or tracers. It is the velocity of the
particles suspended in the flow and not the flow itself that is measured. The particles
must be small enough to follow the streamlines of the flow and at the same time large
enough to scatter sufficient light. To make accurate vel ocity measurements of a certain
flow, the seeding particles should according to Durst, Mdling and Whitdaw (1981)

possess the foll owing properties:

o Ability to eadly follow the flow. This is of course required since it is the

velocity distribution of the flow itself we are trying to measure.

e Scatter sufficient light. Tracer particles must scatter light according to what is
required for the detector system. Usudly thisis not aproblem.

e Easy to produce. Tracer particles are often exchanged and to keep costs down
they should be easy to produce.

e Cheap. For the same reason they should be cheap.

¢ Non-toxic, non-corrosive and non-abrasive. These requirements are necessary

to prevent damage to pipes, pumps etc. They are dso easier to dispose.

e Chemically inert. Tracer particles must be chosen with care so that they do not
react with the fluid they are suspended in.

¢ Clean. Sometimes, tracer particles can pollute the system and introduce poorer

optical conditions.

Seeding partid esin the experiments

In the LDA experiments presented in this thesis different types of particles were tried
but the find choice was polyamid parti cles manufactured by Dantec. Table 4.1 liststhe
properties of polyamid particles.
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Table 4.1 Properties of polyamid.
Product Mean diameter | Density Toxic/inert Codt
polyamid 5um 1.03 g/om” nolyes 50 USD / 100g

URN:NBN:no-1301

Polyamid particles are dispersed in Exxsol D-60 so that the Doppler shift effect can be
used to determine velocity. When water is dso in the pipe it was found that the
polyamid particles prefer to go in to the aqueous phase. Also a clugtering effect on the
interface is observed. This means that the velocity profile of the oil phase cannot be
studied properly. One solution to the problem was to find surfactants, which could
stabilise the particles in the oil phase, but not cause the formation of emulsions.
Several surfactants were tested; most of these were Pluronics, i.e. copolymers of
polyethylene oxide and polypropylene oxide. The particles were added to a surfactant
solution of Exxsol D-60 and water added. The tendency to form emulsons and
whether the particles were in the ail or the aqueous phase was monitored. It was found
that the best surfactant was BASF PE 6100. This stabilises the particles well in the ail
phase and at low enough concentration the formation of emulsions is not a problem.
The only uncertainty is the concentration that should be used. It is estimated that it
should be significantly less than 0.1% by weight. Hence, we used concentrations less

than thisin al experiments.

Information about other types of tracer particles and areas of use can be found in Durst
et d. (1981).

43THE LASER SYSTEM IN USE

Laser Doppler anemometry (LDA) is used to measure local velocities and velocity
fluctuations in the trangparent part of the test section. The LDA setup is a two-colour
backscatter system that enables simultaneous measurement of axial (horizontal) and
vertical velocity components. The system available at Telemark University College
also enables PDA. However, since only LDA isused in this work, description of the
PDA equipment isleft out in this section. The LDA setup isdisplayed in Figure 4.18.
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Figure4.18. The LDA setup used on both flow facilities.

Laser and optics
Thelight source is awater-cooled 3 W Lexel 80 argon-ion laser. It produces a coherent

beam, which isdirected into a housing that contains severa units including prisms and
mirrors. First, the beam enters the beam splitter. Here, the single laser beam is split
into two parts by two prisms. The beams are then lead onto the Bragg cell where one of
the beams is frequency shifted. The Bragg cell was discussed in Section 4.2.5. The
laser system was origindly bought as a one-dimensiona LDA, but was later extended
to two-dimensiond LDA. The extension unit is caled the Four Beam Moduleand it is
mounted after the Bragg cell. The Four Beam Module is basicaly a colour beam
splitter. Both the shifted and the non-shifted beam enter the module where they are
split into two green and two blue beams. Each beam pair has separate wavel engths,
514.5 nm for green and 488 nm for blue, and contains one shifted beam and one non-
shifted beam. After the Four Beam Module the four laser beams are directed into
transmitting fibre optica cords, which are connected to the transmitting probe. Each
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individud beam has the same power when the system is aligned properly. A digital
optical power meter was used to measure the intensity of the beams and the maximum
power was 180mW for each beam out of the probe. The front lens of the transmitting
probe focuses the four beams at a focal point. The same unit that transmits the light
also receives the scattered light from the tracer particles in the flow that passes the
intersection volume. This is a consequence of the LDA being operated in the
backscatter mode. Specid lenses focus the backscattered light into receiving optica
fibres, which transports the light to a colour separator. Here, the two components (the
green and the blue) are separated and re-collimated before they are directed into each
detector. The detector is a photo multiplier tube (PM), which converts the light into
electrical signdsthat are fed to the signal processor.

Signal treatment and thedisplay of velocity data

The signal processor is a Burst Spectrum Andyser (BSA) and is connected to an
oscilloscope and aPC. The BSA converts the electrica signals, which are processed by
the oscill oscope, into vel ocity data, which agan are monitored online by a PC. Specid
software designed by Dantec, processes the raw-data into satiticad values like mean

velocities, RMS values and turbulent quantities.

Choice of transmitting front lens

The choice of afront lens for the transmitter was for the case of LDA in the Modd Qil
Facility a trade-off between resolution and sampling rate. The final choice was a front
lens with focal length 400 mm. For the case of measurements in the Matched
Refractive Index Facility, a front lens with focal length of 160 mm was chosen. The
geometrica information of the lenses available islisted in Table 4.2. This includes the

dimensions of the control volume as afunction of focal length.

Traversing system

The laser probe that transmits the light is connected to a traversing system with a
resolution of 0.0125 mm. The traversing unit is a Dantec lightweight system, which is

operated from the computer. It enables three-dimensiond movement.
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Table 4.2 Geometrical data for different front lenses [ Dantec reference guide (2000)] .

Beam Focal | Number| Fringe| Beam  Height | Width | Length
pair | length of of spacing| half- [mm] [mm] [mm]
front lens| fringes | [um] angle
[mm] [deg]
120 1.645 8.997 0.080 0.079 0.50
160 2182 6.772 0.106 0.105 0.89
Green
310 4.203 3.507 0.203 0.203 3.32
A=514.5
400 5.422 2720 0.262 0.262 5.52
nm
600 8.128 1.814 0.393 0.393 12.41
1200 48 16.249 | 0.907 0.786 0.786 49.66
120 1.560 8.997 0.075 0.075 0.48
Bl 160 2.069 6.772 0.100 0.099 0.84
ue
310 3.989 3.507 0.193 0.193 3.15
A=488.0
400 5.143 2720 0.249 0.249 5.24
nm
600 7.709 1.814 0.373 0.373 11.78
1200 15412 | 0.907 0.746 0.746 47.10

URN:NBN:no-1301

Measurements are done without beam expander. The beam spacing is 38 mm fromthe

front lens and the beam diameter is1 mm.

4.4 REFRACTION OF LASER BEAMS

The goal of the LDA measurements is to measure velocities and turbulence along the
vertica diameter through the pipe centre. To accomplish this, one must overcome
problems involving refraction of the laser beams. In the following sections these

problems are discussed, and some suggestions for improvements are made.
4.4.1 sndl’slaw of refraction

Refraction of laser beams is present in the majority of all LDA applications. The

refractive index of asubstanceis defined according to:
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(4.26)

where c¢ is the speed of light in vacuum, equal to 2.998 -10® s, and v is the speed of
light in the substance. In every media except vacuum, light travels with a speed that is
less than c. This meanstha n is equd to unity in vacuum and greater that unity in dl
other media. Refractive indices for substances related to the experiments are listed in
Table4.3.

Table 4.3 Refractive indices and physical congtants for different substances at 20°C
[Fischer and Jovanovié (1998)].

Substance Refractiveindex Density ratio  Viscosty ratio
P/ Puo VIvio
Vacuum 1.000 - -
Air 1.00045 0.001 0.018
Sea water >1.333 1.02 1
Water 1.333 1.00 1
Crudeoil 15? 0.8-1.0? 2-50?
Exxsol D-60 1434 0.787 15
DMSO 1.4783 1.10 32
Diesdl ail 1 =1.46 0.84 3.6
Diesdl ail 2 =1.48 0.84 3.6
Plexiglass 151 - -
Duran 50 glass 1.473 - -

When one substance has a higher refractive index than another, it has a higher optica
density. When light travelling in one substance hits the boundary of another substance,
some of the light will be reflected, and assuming the substance i s trangparent, some of
the light will enter the substance and travel through it. Very often the direction of the
light changes when it travels from one substance to another, and that is referred to as
refraction. Figure 4.19 shows the refraction of abeam of light in the boundary between
two different substances.
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Figure 4.19 Refraction of alight beam in the boundary between two plane surfaces.

The angle of incidence, 04, is the angle between the incident beam and the axis of
incidence. The angle of refraction, 65, is the angle between the refracted beam and the
extenson of the axis of incidence. For the refraction of a light beam travelling from a
substance of refraction index n; to another substance of refractive index n, Sndl’slaw
of refraction isvalid. The law states that the incident beam, the axis of incidence and
the refracted beam al lie in the same plane, and that the relationship between the angle

of incidence and the angle of refraction is given by:

n sin(6,) = n,sin(®,) (4.27)

When a light beam travels from a substance with one optica density to another
substance with less opticd density, the beam is refracted away from the axis of
incidence. If the beam travels from a substance with a lower optical density to
substance with higher opticd density, it isrefracted towardsthe axis of incidence.

4.4.2 Tracking of thelaser beams
The location of the intersection point of the laser beams is of great importance since

this is the point where the control volume is formed and velocity is calculated. When
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the transmitting probe is moved, either manudly or by a traversing unit, the point of
intersection aso moves. If the laser beams travel in open air al the time, the
intersection point will follow the same path as the transmitting probe. However, thisis
not the case when measurements aredonein acircular pipe The chalengeisto be able
to control the movement of the intersection point as well as the movement of the

transmitting probe.

Thetransmitted beam pairs from the probe are found in planes that are perpendicular to
each other. When the objective is to measure the axia (horizontd) and the vertica
velocitiesin ahorizonta pipe, the transmitting probeis carefully digned in such away
tha the green beam pair is positioned in the horizonta plane and the blue beam pair is
positioned in the vertical plane. When a beam pair hits a curved surface like the
trangparent pipe wall, each of the beams will be refracted according to Snel’s law.
And if two laser beams enters the pipe wal at the same angle of incidence, they are
refracted equdly. This is dways the case for the green beam pair assuming proper
alignment of the transmitting probe. The blue beams will only have the same angle of
incidence when they intersect in the pipe centre, that is, when measurements of the
centre vel ocities are conducted. Otherwise, the two blue beams will enter the pipe wall

at different angles of incidence.

To track al four beams from the transmitting probe to the points of intersection, a
specialy designed MATLAB programme developed by Professor Melaaen is used.
The beam tracking procedure itself can be used as amethod not only to understand the
movement of the laser beams, but also to compensate for refractive index variations,
later discussed in Section 4.4.7. The input data are the verticd movement of the
transmitter and the output is the path of each of the intersection points. From
simulations using this programme it became clear that the two intersection points
followed different paths when the transmitter was moved in a direction parallel to the
vertical diameter of the pipe. Figure 4.20 displays the beam tracking in the centre of
the pipe.
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Beam tracking at the centre of the pipe
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Figure 4.20 Beam tracking in the centre of the pipe. Control volume centres separated

horizontdly by 0.47 mm.

If the four laser beams travelled without any refraction they would cross a point a
Point b and ¢ represents the position of the individual control volumes (b=blue and
c=green) when the beams are subjected to refraction. In the pipe centre the separation
of the centre of each control volume is 0.47 mm. The green beams intersect in the pipe
centre while the blue ones intersect dightly off-centre. This position is accessible to
LDA measurements. The mentioned number is dependent on the fluid used in both
pipe and box. Here, water is used. The tracking of the beams near the pipe wadl is
illusrated in standard and increased scale in Figure 4.21a and b, respectively.
Refraction of the beamsis more evident in this position, which is aout 1 mm from the
wall.

-02-



An experimental sudy of oil / water flow in horizontal pipes
Chapter 4: Laser Doppler Anemometry — literature review and basic theory

Beam tracking near pipe wall
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Figure 4.21a Beam tracking near the pipe wdl — standard scale. Control volume

centres separated horizontally by 3.03 mm.

Beam tracking near pipe wall

Figure 4.21b Beam tracking near the pipe wal — increased scae. Control volume
centres separated horizontally by 3.03 mm.

The centre of the individua oontrol volumes is now separated horizontdly by 3.03

mm. Simulations of the paths for the individua control volumes are presented in

-03-
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Figure 4.22. The path labelled arepresents no refraction while b and c are the paths of
the blue and green control volume, respectively. The green beams are less influenced
by refraction and the green control volume can be seen to follow the centre line almost
through the entire pipe diameter. On the other hand, the control volume created by the
blue beams will follow a path that is paralld to the pipe diameter only in the centre
region of the pipe. Further traversing towards the wall will make this control volume
bend away from the verticd pipe diameter. When a front lens with foca length 400
mm is used, the lengths (along the x-axis) of each control volume are 5.52 and 5.24
mm, as listed Table 4.2. This meansthat there exists an overlap of the control volumes
even if the centres are separated by as much as 2.5 mm. For the case presented in
Figure 4.21, the control volumes are completdy separated. This means that it is not
possible to obtain simultaneous measurements of two veocity components in this
position. For the most part of the pipe diameter though (from the centre to about z=27),
it is possible to obtain 2-D measurements. However, the sampling rate fals dragticaly

when approaching the wal | compared to that in the pipe centre.

Simulated paths for individual control volumes
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Figure4.22 Simulated individua control volume paths.
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4.4.3 Refractive Index Matching - RIM

LDA experiments in this thess are conducted on the two different flow facilities
described in Chapter 3. Both facilities have a test section that includes a transparent
circular pipe where the measurements are done. The approach to improve the optical
measurement conditions is dightly different in each of them. The goa for both
facilities is to obtain optical measurement conditions that are as good as possible so
that reliable 2-D measurements can be conducted. For both flow facilities, this implies
Refractive Index Matching (RIM). RIM is a method that involves selection of fluids
and substances, like the pipe material, so that they have equa or nearly equd refractive
indices. A rectangular box is built around the circular pipe, and the box isfilled with a
fluid that has the same refractive index as the pipe material and the fluids flowing
insgde. Figure 4.23a displays the principle of the system and Figure 4.23b shows a
picture of LDA measurementsin oil/water flow in such asystem.

Flow

4%, ,,,,,,,,,,,,,,,,,,, &)

Front
view

Side view

Figure 4.23a Rectangular box around pipe.
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Figure4.23b LDA measurementsin oil-water flow in the Modd Qil Facility.

When the RIM procedure is perfect, the laser beams will only be refracted when they
travel from open air and further through the surface of the rectangular box. If this
surface is pardld to the front lens on the transmitting probe, the refraction will be
constant dong the vertical diameter of the pipe. Then, the laser beams will travel non-
refracted through the circular geometry of the pipe wall, as well as through the fluids
flowing indde. In such a system, al postions in the flow geometry are opticaly
accessible and the control volume of the green and the blue beams will coincide. Both
control volumes will follow the vertical diameter of the pipe as opposed to the case

presented in Figure 4.22

RIM is awell-established method used by several investigators. Durst, Jovanovi¢ and
Sender (1995) describe a test section for LDA measurements consisting of a
rectangular box built around a circular pipe. The section was made from Duran-50
glass. They intended to measure turbulent gtatistics in the near-wall region of the pipe.

Two diesd oils, one with higher refractive index than Duran-50 and one with lower,
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were used both insde the box and the pipe. By proper mixing of the two diesel ails
they were able to get a mixture with the exact refractive index as the solid material.
They adso hed the temperature in the system constant to prevent variations in the
refractive index. Another procedure was suggested by den Toonder and Nieuwstadt
(1997). They used a RIM procedure when they measured turbulent water flow in a
pipe. To achieve good measurements also close to the pipe wall made from perspex
(n=1.49) they partly replaced the pipe wall with a thin foil made from Teflon FEP
(Fluorised Ethylene Propylene) with arefractive index of n=1.334.

Often RIM meansthat model fluids have to be used instead of the real ones. The model
fluid should have physica fluid properties, such as density, viscosity and surface
tension, which are as equal as possible to the rea fluids. Modd fluids can be difficult
to find since they need to match the relaively high refractive index of plexiglass (or
other transparent materids). Some solvents, like toluene and benzene have refractive
indices that are high enough to match (or can be matched by adding water) plexiglass.
However, they should not be used since they are highly toxic. Mode fluids should

therefore meet several expectations:

e Refractiveindex: Therefractive index of the model fluids should match

each other and the pipe material.

e Physical fluid properties: A modd fluid should have similar density, viscosity

and surface tenson asthe real fluid.

* Non-toxic: Preferably the mode fluid should be non-toxic. If the modd fluid is
toxicit should flow in aclosed loop and required precautions should be taken

when handling it.

* Non-corrosive and non-reactive: No parts of the flow facility in contact with the
fluids should be influenced. Especialy, the pumps are vulnerable and often
expensive units in a flow facility. Tracer particles must be available and non-
influenced.
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e Cost: Specid solvents used as model fluids are often expensive. Thisleadsto

limitations in the amount that can be used and the size of the flow facility.

It can be difficult to find modd fluids that meet al the expectations. Often one has to
compromise in search for excellent optica conditions, and choose a model fluid that is
less satisfactory than another. In some cases, like the LDA experiments in this work
involving two-phase flow of oil and water in the Model Qil Facility, the fluids are
already model fluids before the RIM technique is applied. The purpose of the study is
to examine the flow of seawater and crude North Sea oil. However, the fluids have to
be transparent, and thus transparent oil is selected. Also seawater is exchanged with tap
water sinceit isless corrosive.

4.4.4 RIM procedure for LDA measurements of two-phase flow in the Matched
Refractive I ndex Facility

The aim of the LDA measurementsin this flow facility is to mode the behaviour of a
dispersed flow of crude oil and seawater. This flow facility is described in detal in
Section 3.2. Both the rectangular box and the circular pipe are made from transparent
Duran 50 glass. The modd fluids are selected after the principles mentioned above. As
amodd fluid for the crude oil, a mixture of two trangparent diesel oilsis used. One of
the diesd ails has higher refractive index, and the other a lower refractive index than
Duran-50. By proper mixing, the mixture acquires the same refractive index as Duran-
50. This procedure was conducted for the single-phase flow measurements described in
Durst, Jovanovi¢ and Sender (1995). The solvent dimethylsulfoxid (DM SO) added to
water is used as amodd fluid for seawater. DM SO is transparent and has a refractive
index that is dightly higher than Duran-50. By adding only smal amounts of water, the
refractive index is adjusted to match both the mixture of the diesdl oils as well as the
Duran-50. The refractive indi ces were measured by arefractometer. Either of the fluids
can be used in the rectangular box. After this RIM procedure is conducted on the
system, al postions insde the flow become opticdly accessible, and both forward

scatter and backscatter techniques are possible.
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445 RIM procedure for LDA measurements in oil-water flow in Modd Oil
Facility

This flow facility, which was described in Section 3.1, is designed to study stratified
flows of oil and water. To obtan LDA-measurements, a very simplified RIM
procedure is conducted. Both the rectangular box and the circular pipe are made from
plexiglass with a refractive index of 1.51. The mode fluids selected are Exxsol D-60
(n=1.434) and tap water (n=1.333). The difference in refractive index between the
liquids and the solid creates limitations in the measurements. When sratified flow is
introduced, the goal is to measure axid (horizonta) and radid (verticd) velocities
through the vertical centre diameter of the pipe. By beam tracking, using the specidly
designed MATLAB programme, we were able to simulate paths of the individua

control volumes during the traversing of the transmitting probe (Figures 4.20-4.22).

Separation of theindividua control volumes is diminished if the same fluid is located
insde the rectangular box as in the pipe. To achieve this, a caibration procedure is
needed. The rectangular box is firg filled with water and single-phase water is
introduced in the pipe. The transmitting probe is aigned so that the intersection point
of the laser beams lies in the pipe centre. Then the water in the box is exchanged with
oil and single-phase ail is introduced in the pipe. Now the intersection point liesin an
off-centre position (further away from the probe) but in the same horizontd plane. The
probe is then traversed backward so that the intersection point again lies in the pipe
centre. The traversed distance is a correction that is used in al vertical positions. The
correction was 2.54 mm. For the horizonta beam pair (green) the use of a constant
correction induces only small errors. For the vertica beam pair (blue) the errors
become larger, but not more than was acceptable. In tha way we use two different
traversing matrixes, one for the water phase and one for the oil phase. The system is
now ready for measurementsin sratified flow. Measurementsare first conducted in the
water-phase with water inside the rectangular box. We start a the lower pipe wall and
traverse upwards through the water phase and further a little bit into the oil phase.
Then the water in the box is exchanged by oil, the horizontal position is corrected and
measurements are conducted from the upper pipe wall, downward through the oil-
phase and a little bit into the water-phase. The reason for the overlap by the two
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traverse matrixes is to cover the waves at the interface. Figure 4.24 shows the two

different systems.

Liquid level
/\ Water
Laser [« v b
NS

a=15 mm
c b=35 mm
¢ c=30 mm
Liquid level

Laser oil
probe
|i

Figure 4.24 System for measurementsin water-phase (above) and oil-phase (below).

Chervin, Petrie and Deutsch (1990) used a similar RIM method in a single-phase
glycerine system. They used an acrylic transparent circular test section with a
rectangular box around. Glycerine (n=1.47) and acrylic (n=1.49) have only small
differences in refractive index, and when using glycerine in both the pipe and the box
the curvature effects were small. In fact, they used ray-tracing techniques to estimate

the control volume displacement and found it to be less than 1.2%.

4.4.6 Alternative methodsto RIM
Sometimes it may be desirable to use the red fluids insead of mode fluids. To

improve measurement conditions without RIM two consderaions involving the
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standard LDA equipment are mentioned and discussed. Two alternative methods for

refractive index compensation are outlined in brief in the following sections.

e The correct choice of transmitting front lens:

The curvature of the pipe wal can lead to partia or tota distortion of the control
volume. By choosing a longer focal length for the transmitting front lens, the size
of the measurement volume increases. Consider measurements vertically through
the centre diameter of a pipe. Then, the separation of the two control volumes, one
for each beam pair, becomes a problem. To be able to obtain measurements of the
two velocity components simultaneoudy, at least some parts of the individud
control volumes have to coincide. Larger individua control volumes are more
likely to overlap, and one may be able to obtain measurements over a greater part
of the diameter. The dimensions of the control volume as a function of the focal

length of the front lens are given in Table 4.2

¢ The use of backscatter:

A backscatter setup indudes both the transmitting and the receiving optics in the
same housing. Then, thelight path from the transmitting opticsto the tracer particle
is nearly the same as the light path from the particle to the detector. Such asatup is
highly desirable when optical conditions are poor. If forward scattering is used, the
light path from the particle to the detector can be quite different from the path from
the particle to the transmitter. Consider a system with separated liquid-liquid two-
phase flow in a horizontd pipe. If measurements are conducted dightly above the
interface, theincident laser beams may travel only in the less dense fluid, while the
scattered beams, may travel aso in the denser fluid. To obtain measurements usng
aforward scatter set-up it is necessary to adjust the angle between the detector and
the transmitter at dmost every measurement position. This can be avoided if a
backscatter set-upis used.

4.4.7 Beam tracking or beam tracing
Beam tracking or beam tracing can be used as a method for compensating refractive

index variations. Several have investigated problems with LDA measurements in
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circular or curved geometries. Among them are Kehoe and Desai (1987). They were
the first to develop a ray tracing technique for use in LDA experiments in circular
geometries. The basic principle of ther ray tracing method was to make sure the
positioning or traversing of the LDA transmitting probe enabled measurements in all
desired locations in the flow geometry. The technique required tracing of the laser
beam paths from the source to the measurement point and back again. Snell's law was
applied to each materid interface in the beam paths. However, some positions insde
the geometry, referred to as "blind spots”, could not be measured. These “blind spots”
occurred near the walls of the geometry where the refraction of the beams was most
digtinctive. It has to be pointed out that Kehoe and Desai studied only one velocity
component at a time, but the results did compensate for the variations in refractive

index.

4.4.8 Specially designed lenses

The use of specidly designed lenses is another method for compensating refractive
index variations. Contributions made by Els and Rouve (1985), Vikram and Billet
(1986) outline procedures for design of specia lenses for LDA measurements in

cylindrica geometries.

The background for the work of Els and Rouve (1985) was to sol ve the problems with
two-component LDA measurements in cylindrica pipes. A solution to the problem
besidesthe one of index matching fluids was supplementary lenses. These lenses adjust
the difference in the beam in such away that separation of individua control volumes
is prevented. One way was to glue a suppl ementary concave-convex lensto the circular
pipe wall. The problem with such alens wasthat it was difficult to produce and that it
created extra alignment problems. The other solution was to use cheaper single
curvature lenses that were easier to adjust. Procedures for calculation of curvature and
position of the lenses were outlined. The drawback was that these lenses dlowed only
one-component LDA measurements. The main conclusion was tha these methods
could improve opticd conditionsin circular geometries, but never be an improvement
on the RIM technique.
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Vikram and Billet (1986) also used additional lensesto improve optica conditionsin a
circular geometry. The difference from the work of Els and Rouve (1985) is that
Vikram and Billet (1986) dso designed lenses to be used in combination with the
conventional tank around the pipe.

45DATA ANALYSIS

4.5.1 Measured data and calculated variables

The signa processor treats andog signds from the photo detectors. For each Doppler
burgt, a corresponding particle velocity is caculated. The calculated velocity is then
sent to a computer for anaysis. Figure 4.25 shows the sepsin data andysis from raw
data to moments, correlations and spectra. In the work presented in this thesis the

spectrd andysisis|eft out.

Velocity data from
Burst Spectrum Raw data
Analyzer
_
Transformation from ]
skew to orthogonal Coordinate
coordinates transformation

Calculation of mean,
rms, skewness,
flatness and cross-
moments

Moments Spectral analysis Using Fast Fourier
one - time statistics two-time statistics Transformation (FFT)

Finished Finished

spectrum Correlation

Figure 4.25 Calculation of moments, correations and spectra usng Fast Fourier
Transformation techniques [ Dantec reference guide (2000)].
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From the calculated velocity data, which we call raw data, two main ways of treating
the data exist. But first the raw data need to be transformed into orthogond coordinates
if they initialy are skew. A 2-D LDA setup usudly has orthogona coordinates since
the two beam pairsare fixed in planesthat are perpendicular to each other. A 3-D setup
involving two laser probes (a 2-D probe and a 1-D probe) might require
transformation. The reason for thisisthat the “third” beam pair has an angle different
from 90 degrees compared to the other two pairs. The simplest form of datistica
andysis is cdculaion of moments while spectral andysis resulting in calculation of

spectrum and correlation is more advanced and not used in the present work.

Two magjor types of statistical errors exist in the analysis of the measurements or the
raw data. These are known as velocity bias and the lack of random arrival of seeding
particles to the control volume. Velocity bias, which will be discussed in a later
section, relates to the simple satisticd andysis like in calculation of moments. The
problem of random sampling depends on timing between events, and becomes an error
source in caculation of spectrum and correlation. For calculation of mean velocities

random sampling is usudly not so important.

4.5.2 Moments

Moments are someti mes call ed one-time statistics since the samples are treated one at a
time. The calculations are done on individua samples, and both relations between
samples and the time between events are ignored. Moments include statitical
guantities like mean, variance, root mean square (rms), turbulence intensity, skewness,
flatness and cross-moments.

For our two-component LDA system the basis for the satistical andysisisthe raw daa
of axia (u) and radia (v) velocities. These velocity components are orthogona since
the green (u) and the blue (v) beam pair is positioned in planes perpendicular to each
other. Thus, there is no need for coordinate transformation. The calculated axial and

radid mean vel ocities are given by:
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uzzni y; V:Zni Vi (4.28)
The rms vel ocities or the vel ocity fluctuations are given by:

urms =1}ini (ui _a)2 vrms =1 im (Vi _0)2 (429)

The turbulence intensity parameter is the ratio of the velocity fluctuation to the mean

velocity and is given by:
u V,
T(u) = —==.100% T(v) == .100% (4.30)
u \Y

The statistical quantities of skewness and flatness are given by:

=200 s Sn - @31)
1 N “\4 1 o N4
Fu)= - n; (U; —u) F(v)= V& (v —Vv) (4.32)

Findly, the crossmoments, which are proportiond to the Reynolds stresses, are
calculated by:

Vew-uved n; (U, = u)(v, — V) (4.33)

i=1
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4.5.3 Independent samples
In al the equations above the weighting factor n; isused. If the samples are statistically
independent the weighting factor is equd to the arithmetic mean:

= (4.34)

Statistically independent samples can be obtained by using low concentrations of
seeding particles in the flow. The time between bursts must at least exceed theintegra
time scale, T, of the flow by a factor of two [Durdt et a. (1981)]. The reason for thisis
tha the integra time scale represents the time scale over which velocity fluctuations
are correlated with themselves. Thus, velocity samples obtained within one integral
time scale of one another will often not be satisticdly independent. One problem
though, is to estimate the integral time scale. Often, it requires a high number of
samples to obtain a good estimate of the integra time scale. To avoid a large tota
sampling time, measurements with high concentration of seeding particles should be
employed. So basicaly, one needs high concentration to determine T, but then the
samples might not be statisticaly independent. One solution to this contradiction isto
do prdiminary measurements with a high seeding concentration in the flow you wish
to study, to obtain T, and then to remove the seeding particles from the flow, or to
exchange the fluid with one having a low seeding concentration. Then, statistically

independent sampling can be obtained on the flow with aknown integral time scae

Some processors, including our Burst Spectrum Analyzer, feature a dead-time mode
(not employed in the present work) as an option of achieving statisticaly independent
samples. Dead time is a specified time period after each burst during which the
processor ignores further bursts. If the dead time is set to 21, the criteria for
statistically independent sampling are satisfied [Dantec reference guide (2000)] .
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454 Number of samples required for obtaining <atigically reliable
measurements

The number of samples needed is associated with the above discussion of integral time
scale. Theintegral time scale can be estimated by the way of length scales and vel ocity
scales:

.= Length scale 4.35
' Velocity scale (4.35)
The sampling frequency is selected to be theinverse of the integral time scale:
. 1
Sampling frequency = o7 (4.36)

The number of samples needed to obtain measurements with a specified error within a
desired confidence level can be decided. The maximum error of estimate of a large
(N>30) random sampl e defined in Miller et a. (1990) isgiven by:

-7z .9
E=2, - (4.37)

In Equation 4.37, Z,, is the standardized mean associated with a specified probability
or confidence 1-a and o is the standard deviation. Miller et al. (1990) give the val ues of
Z,» for different confidence intervals. For ingtance, if one can assert with 99%
confidence that the error is at most equa to E, the corresponding standardized mean is

Zo.005 = 2.575. Solving Equation 4.37 for N gives the number of samples:

z, Y
N = {?2] .02 (4.38)

Instead of using the standard deviation, it is equally common to use the variance o2
The disadvantage of this estimate is that the standard deviation or the variance of the

sample has to be known. An estimate of the variance can be obtained by preliminary
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LDA measurements. As an example, consider LDA measurements of a flow with a
mean velocity of 1.5 m/s conducted in apipe with inner diameter equal to 56 mm. The
integrd time scale of the system is estimated to 7j = 0.056 / 1.5 = 0.037 s. The
appropriate sample frequency then becomes 13 Hz. Assume that it is desrable to
obtain measurements of mean values with a maximum error of 0.015 m/s (E=0.015)
with a probability or confidence of 99%. If preliminary LDA experiments show that
the turbulence intensty is 20 % of the mean, which according to Equation 4.38

corresponds to a variance of 0.09 m’/<’, the required sample size is:

2
2579 0.09 = 2652
0.015

With a sampl e frequency of 13 Hz the total averaging time becomes 204 seconds.

Another procedure for the determination of the number of samples required for reliable
measurements is based on experience. The procedure is to measure the same flow
conditions with an increasing number of samples until the desred variables are not
altered anymore. In general from 1000 to afew thousand samplesis often sufficient for
calculating the mean velocity. When other quantities, like for instance cross-moments,
are desired the number of samples reguired often exceeds 10000 and sometimes
100000 [Dantec reference guide (2000)]. Depending on the optica conditions in the
flow it can be time consuming to achieve such a high number of samples. Both the
time aspect and the fact tha the laser tube itsdf has a specified lifetime, and is
expensive to replace, suggest that the number of samples should not be higher than that
which is absolutely necessary.

455 Vdocity biasand biascorrection

In many cases though, the use of Equation 4.34 will bias or displace the results. It may
not be possible to achieve statisticdly independent samples for a number of reasons.
According to McLaughlin and Tiederman (1973) velocity bias will occur in turbulent
flows because a larger than average volume of fluid, and hence aso a larger than

average number of tracer particles, pass through the control volume during periods
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when velocity is faster than the mean. The opposite is the case when the velocity is
lower than the mean. This leads to the probability of measuring higher velocities than
the mean exceeds the probability of measuring lower velocities than the mean. Thus,
the use of arithmetic averaging will bias the resultsin favour of higher velocities. One
way to compensate for this is to give fast particles less datisticd weight than sow
ones. This is often referred to as velocity bias-correction. Several investigators have
contributed to the subject of bias correction, and among them are Durdo, Laker and
Whitelaw (1980) and Kusters et d. (1990). The most used method is called transit time
weighting. Theweighting parameter is expressed by:

T (4.39)

wheret; isthetransit time of the particle crossing the control volume.

Durdo, Laker and Whitelaw (1980) also reported of another type of bias. They caled it
photo multiplier bias, and found that it had the opposite effect of velocity bias. The
basic explanation is that photo multipliers detect a proportionaly larger number of
lower-velocity signds. In severd different flow measurements they found the two
biases to be of the same order of magnitude, and hence cancelling each other out. The
main conclusion from their work is that the removal of velocity bias will only lead to
correct results if the photo multiplier bias is negligible. They aso state that photo
multiplier biasisreduced if the sampling rateis low.

Durdo et al. (1982) compares velocity bias and amplitude bias. They classify photo
multiplier effects, laser power, turbulence intensity and presence or absence of
frequency shift as contributors to amplitude bias. The reason for the term ‘amplitude
bias is that signa amplitudes of high velocity seeding particles in some cases are
smaller than amplitudes for low velocity particles. This will bias the measurements in

favour of lower velocities.
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Erdmann and Tropea (1982) found the magnitude of bias errors to be less than 0.2% of
the true mean velocity for a flow with 5% turbulent intensity. In a flow with 40%
turbulence, errors up to 10% were detected. Durdo et.d (1982) estimated the errors of
statistical bias to never exceed 6% in the mean velocity or 10% in the corresponding
rms-values for a range of flows with 5-25% turbulence intensity. However, these
quantifications should not automaticdly be transferred to all systems.
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CHAPTER 5:
GAMMA DENSITOMETRY

5.1 INTRODUCTION

Gamma densitometry, sometimes referred to as the gammarray attenuation technique,
can be used to determine void fractions as in the work of Bge (1997) and Abro
(1999). The method is also useful for determination of local phase fractionsin liquid-
liquid flows. In this work, atraversing gamma densitometer is used to determine the
local water fraction (and oil fraction) in cil / water flow. Flow pattern identification is

carried out using the results in combination with visual observations.

Gamma densitometers are al so employed for field measurements of phase fractionsin
offshore pipelines. Among other things, information of phase fractionsis important in

multiphase mass flow metering.

The gamma-ray attenuation technique basically makes use of the observation that a
stationary homogeneous materid will absorb a monochromatic beam of constant
intensity and short wavelength radiation. The absorption occurs exponentidly with
increasing absorption length a congant linear absorption coefficient. Thus, the

exponentid law can bedefined by:

—~=exp(-vx) (5.1)

where I(x) is the local intensity of the beam photons [counts/sec], lo is the incident
intensity of the beam photons [counts/sec], x isthe absorber thickness[m] and yisthe
linear absorption coefficient [m™]. Equation (5.1) is valid only for the ideal case of a

thin collimated beam.

In principle this technique is very simple. A suitable source of radiation is collimated

to produce an incident unidirectiona photon flux normal to the test section (see flow
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charts described in Chapter 3). The beam is then attenuated through the pipe wall, the
two-phase mixture and the opposite pipe wall before it is received by the detector
collimator and findly the detector itsdf.

5.2BASIC PRINCIPLES
Imagine a narrow beam of single energy y-rays of intensty, lo, passing through a

homogeneous materid of density, p, asillustrated in Figure 5.1.

[ L »!

i
- X o

Figure5.1 Attenuation of agamma beam.

The rate of attenuation of such abeam is proportiond to the beam intensity | and to

the density of the medium:

dl
.« | 52
x p (52)
or
dl
——=-upl (5.3)
dx

where the congtant of proportionality L is called the mass absorption coefficient, and

is afunction of both the material and the energy of the gamma photon.
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Furthermore the linear absorption coefficient included in Equation 5.1 v is defined,
which depends upon the composition of the absorber and is a function of the photon
energy. It is related to the total atomic absorption cross section by the following
equation:

y=up=—2Es 64)

where Na is the Avogadro Number [6.022-10%], A is the atomic mass number
[kg/kmol], p is the absorber density [kg/m’] and o is the atomic absorption cross

section [m%mol].

Since I=lp at x=0, integration yields.

In(ll—"]:ppx (5.5)

or

I'=1,exp(-upx) =1, exp(-yX) (56)
which is identica to Equaion 5.1. Therefore, for a known materia and a given
gamma energy, the thickness x can be determined from knowledge of the intensity of
the gamma beam. Similarly, for a system made of two materids of a known overall

geometry, it is possible to determine the different thickness of each materia using a

gamma beam of a particular energy. In this case:

I=1Toexp(=y1 % = V2X,) (5.7)

where Ip is the incident gamma-ray intensity not absorbed by the wall. Subscripts 1

and 2 denote the two different materids.
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For a known geometry (i.e. when x1 + Xz is known), the amount of each material can
be caculaed. A more detaled andysis of how this can be adapted to multiphase
systems can be found in Petrick and Swanson (1958) and in the thesis of Pan (1996).

If water (subscript w) and ail (subscript 0) are used as absorbing materials, Equation
5.7 can, in terms of water hold-up &y, be expressed by:

I = IO exp[x(_YWgw —% (1_8w))] (58)
or
In |—° [/ X—7vy
| o
e, = (5.9)
Yw—%o

The absorption coefficients Y, and Yw can be obtained by calibration of the system
with scans of single-phase oil and water. The attenuation equation for both single-

phase scans when substituted into Equation 5.9 becomes:

(5.10)

where | is the measured intensity for a given oil/water mixture, o the cdibrated
intengty for oil and | the cdibrated intensity for water.

Note that lo, the incident gammarray intensity that i snot absorbed by the wall, defined

in Equation 5.5 has cancdled out, and thus no knowledge about the wal is required

for measurements of water hold-up.
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The particular instrument used for these measurements as a tool for obtaining phase
digtribution profiles, is a traversing sngle-energy gamma densitometer as shown in
Figure5.2. The source collimator isa3 mm circular dot, while the detector collimator
isa 3 x 10 mm rectangular slot (3 mm height and 10 mm width), which enable
increased accuracy of the readings in the horizonta plane. The instrument uses step
motors, one linear and one angular, which enables rotation of the beam as well as
vertical (linear) movement across the pipe to obtain an average density profile or grid

insde the test section in consideration. The operation of the instrument is carried out

using an in house LabVIEW™ programme.

/

Figure 5.2 The traversing gamma dens tometer.

Figure 5.3 shows typicd raw data from the gamma instrument. Here, the beam starts
just outside the bottom of the pipe (position = - 45 mm) and works its way to the top
(position = + 37 mm). The solid lines represent the single-phase caibraion scans
(obtained by running single-phase oil and water through the test section) while the
markers represents two-phase oil/water flows. The number of counts (or intensty)
received is plotted in the y-axis of the graph and the linear (vertical) position of the
pipeis plotted in the x-axis.
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Figure5.3. Calibration gamma scans for oil and water.

Since the densities before entering the inside of the pipe are equal at the bottom and at
the top of the pipe section (provided there is a congtant thickness pipe wadl), the
intensity should be equal before the marked position "Bottom of pipe" and after the
marked position "Top of pipe’. These marked positions on either side of the graph
defines the boundaries of inner pipewall. Thus, at this position, the whole beam isin
the pipe wall, which meanstha the beam centre position is 1.5 mm outside the inner
pipewall. Fromthis, it was found that theinner pipe wall extends from position -28.5
mm to 28.5 mm. As seen from Figure 5.3, different flow configurations can be
observed. The two cases shown here represent two extremes: pure gratified and fully
dispersed. From the dratified case it is evident that up to a position of -7 mm, the

measured intensity equals pure water and from +7 mm it equals pure ail, hence, a
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typica stratified flow. For the dispersed case the measured intensity is somewherein-

between pure water and pure oil throughout the entire cross section.

By converting the data given in Figure 5.3 using Equation 5.10 we obtain daa as
shown in Figure 5.4. Here, the non-dimensiond position is given on the y-axis and

water fraction is given on the x-axis, asif the pipeis seen from the side.

L0 o [
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§O.2 e |
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Figure 5.4 Gamma densitometer scans of stratified and dispersed flow.

For the stratified case, the interface (where the water fraction rise from zero to unity)
covers about 30% of the pipe diameter dmost symmetrically about the pipe centre
(which is expected due to 50% water cut). For the dispersed case, a larger
concentration of water is located at the bottom of the pipe than at the top (due to

gravity).

When observing these curves to determine the flow pattern, one must keep in mind

tha these are taken by a3 mm wide beam. Thus, close to the wall a mgjor part of the
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beam will still penetrate it and measurements will be very inaccurate in this region.

This means that if there is a thin water or oil layer present at the inner pipe wall, it

will be difficult to detect it from the gamma scans.

5.3INSTRUMENTAL SETUP AND SIGNAL PROCESSING

Theinstrument contains the following main € ements:

A collimated radioactive source (Am**, 45 mCi)

A photo multiplier tube (PMT) with bias supply and preamplifier

A sgna amplifier and delay line amplifier (DLA)

A single channd andyser (SCA)

A multi-channdl andyser (MCA)

A counting system (PC with a specific data acquisition card)

The overall setup is given in Figure 5.5. Figure 5.6 displays a sketch of the typica

signd outputs at each stagein the form that can be seen if an oscilloscope isused.

High
voltage
power
supply

Photo
multiplier
tube +
preamp

A

Gamma
source

PC

Figure5.5 Overall setup of the instrument.
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Figure 5.6 Signal outputs for the different el ectronic components.

Photo multiplying tube with bias supply and preanplifier
Each photon that enters the photo multiplier tube (PMT) creates a step pesk in the

output voltage, directly related to the energy of the photon. This voltage decreases,
exponentidly to zero unless ancther photon creates another pesk. Since thissignd is
very small a preamplifier is used to enlarge it enough to be transmitted through the
connecting cables. Care must be taken in setting the level for the bias supply. If thisis
set too high, the PMT reaches what is known as saturation, and the output voltage
reaches amaximum, see Figure 5.7. If the bias supply is set above thisregion thereis
no longer a relaionship between the voltage of the peak and the gamma energy,

making single energy andysisimpossible.
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Delay lineanplifier

A déday line amplifier (DLA) is used to amplify the signa further and to remove the
tails from each of the photon detection sgnds, turning them into discrete electronic
pulses of the type that could be easily counted electronically. The peaks at this sage
are till related to the energy of the gamma photon pul se.

The amplification gain for the DLA needs to be set carefully. The gain has asimilar
effect to the bias supply on the shape of the voltage spectrum leaving the DLA,
namely the higher the gain is s&t, the more the spectrum is stretched along the x-axis,
see Figure 5.8. Regular checks are needed to make sure the value of the gain is set
correctly, sncethe PMT aways is subject to drift.

Single channd analyser

For the use of single energy gamma densitometry the signd from just one gamma
energy is required in order to use Equaion 5.10 to calculae the water cut. This
filtering is done in the Single Channd Andyser (SCA), which removes al peaks
outside of a particular range. Figure 5.6 shows, on the DLA output where the upper
and lower limits have been set for the SCA. As can be seen, only signals that peak
insgdethose limits are turned into digital pulses a the SCA output.

Multi-channel analyser

A Multi-channd andyser (MCA) is an important tool for viewing the emission
energies from a radioactive material. In general, the MCA reads the el ectronic pul ses
leaving a DLA and counts the number of peaks in particular energy bands. It then
plots a histogram of number of counts versus energy. Thisis caled the spectrum of
the source. This spectrum is constantly updated until a maximum number of counts
have been reached. Figure 5.9 shows a sketch of the spectrum of Americium 241,
which has a strong peak at 59.5keV and a smaller one in the x-ray range. Also shown
in the figure are the typica settings for the upper and lower limits of an SCA in order

to count only the single energy of interest.
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Figure 5.8 Effect of DLA gain on the gamma source spectrum.
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Figure 5.9 Multi-channd analyser - Am?* spectrum.

54ERROR ANALYSIS

Errors in phase fraction measurements occur from two main sources. The first oneis
the fundamental statistical uncertainty that exists due to the random nature of photon
emission by radioactive sources. This error is called the random photoemission error.

Thefractiona standard deviation o« is given by:

o, =+1/N (5.11)

where N is the tota number of counts. The fractiond standard deviation decreases
with increasing source strength and/or counting time. This gives a fundamenta
restriction on the speed a which data can be acquired.

The second source of error arisesif the void fraction is fluctuating with time. Then the
exponentid nature of the absorption relationship gives abiasin the averaging [Hewitt
(1982)]. Equation 5.10 shows that the water hold-up is a linear function of the natural
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logarithm of the count rate. The average water hold-up is therefore a function of the
average naurd logarithm of the count rate (not the logarithm of the average count
rate, something tha is mathematically different). Having many short count times for
one postion, taking the naturd logarithm of each count, then averaging, reduces this
error. However, such short count times will increase the error from random emissions
and hence a compromise has to be reached when calculaing time-averaged phase

fractions in transient flow patterns such as slug flows.

For quas-steady flow systems such as dratified or annular flow, where time
fluctuations of phase fraction due to events such as waves or droplet transport are
small, only the random photoemission error dominates. Pan (1996) has calculated this

error to be:

+1
oo, = -
' (LD = HoPo)H { tl, exd_uwallpwallxwall —(UupuEy +nu0p0(1_gw))H] } (512)

where yis the linear absorption coefficient, 1 the mass absorption coefficient, p
the density, € the fraction, x the fractiond thickness, H the totd height (wall + oil +
water) and lp the initial intensty (or count rate per unit time). Subscript w denotes

water and o denotesoil.

As seen from Equation 5.12 atotal number of eleven parameters determine the actua
error. However, the mass absorption coefficients are dependent on the gamma energy,
so for a fixed system (fluids and gamma source) the error is determined by nine

independent parameters.

Below, the effects of some of the parameters on this error are outlined. All error

sources are shown rel ative to atest case that has an error of 1%.

Choice of radioactive source

The mass absorption coefficient changes not only with material but dso with energy

of the incident gamma ray. Pan (1996) correlated the mass absorption coefficient as a
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function of gamma energies for oil and water, from the data given by Grodstein

(1957). Thesearegiven by:

Ly, = 0.1exp(-14.794762+89.049017InIn E — 164.299552InInE )’
+131.5987(InInE)* — 48.73664(InInE)" + 6.813107(InInE)°) (5.13)

Iy = 0.1exp(—60.439566+ 261.844766InInE — 408.63705(nInEY
+296.81687(InInE)’ —102.856866(nInE)* +13.736626InInE)°) (5.14)

where E is the gamma energy with unit [keV].

From these mass absorption coefficients alinear absorption coefficient y as afunction

of energy from the gamma source can be calculated. Figure 5.10 displaysthis relation.

The effect of gamma energy on the error isdisplayed in Figure 5.11.
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Figure5.10 Linear absorption coefficients of oil and water.
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Figure5.11 Effect of gamma energy on error.

As can be seen, the main peak for Americium (59.5keV) shown in the plot appears
haf way up a sharp increase in the error to energy slope. This showstha sources with

lower energy would be unsuitable for oil-water sudies.

Counting time
As with dl random nuclear emissions, the number of counts taken over a certain

period of time will have a standard deviation equd to the square root of the average
number of counts as given by Equation 5.11. For obtaining measurements with low

error, alarge number of counts are required. Thisis shown in Figure5.12.
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Figure5.12 Effect of counting time on error.

Beam position
The present system transmits a3 mm wide, paralel beam from a collimated source to

a collimated detector. This system is then traversed span-wise across the pipe cross
section. As can be seen in Figure 5.13, two different beam positions will indicate
different thickness for the wall and the liquid. Therefore, the error for these two

positionsin the same counting time will be different.

Beam

// \ | position A
N Hl peam

position B

XWaII,A> XWaII,B

H igquia.a < Hiiquia s

Figure 5.13 Comparison of two different beam positions.

-126-



URN:NBN:no-1301

An experimental study of oil / water flow in horizontal pipes
Chapter 5: Gamma denstometry

In order to study this effect, it isnecessary to calculate abeam average wall and liquid
“thickness’ that the beam passes through. Consider a beam of thickness b passing
through a circle of radius rin a adistance x’ from the centre position asillustrated in
Figure5.14.

An average liquid thickness across the thickness of the beam can be calculated by
dividing this area by the beam thickness b (Watson (1989)). In the equations bel ow 6
isinradiansand isindicated in Figure 5.14:

Hyo = % [sin(26) + 29]::“] (5.15)

Tine

Similarly for thewadl:

2 arcsin[ i+b] r2 arcsin[xr#b]
— _lext . ext — int q nt
Hwa = % [sin(20)+ 29]arcsin L] % [sin@0) + ze]arcsin ri] (5.16)

Fext

Figure5.14 Cdculation of average liquid thickness.
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From these equations an estimate of the error for a 3 mm beam as a function of
distance from the pipe wall can be cdculated. This is shown in Figure 5.15. The
largest error (for a constant counting time) is when the 3 mm beam is only exposed to
1 mm of theinterna pipe (the rest of the beam passes through the wall).

14.80%

12.80% -

10.80% -

8.80% -

eror

6.80% -

4.80% -

2.80% -

0.80% T T T T T T
-0.003 0.007 0.017 0.027 0.037 0.047 0.057

distance from the wall [m]

Figure5.15. Effect of position on error.
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CHAPTER 6:
FLOW PATTERN EXPERIMENTS

6.1 FLOW PATTERN DEFENITIONS

In the following sections flow pattern (or flow regime) experiments carried out in the
Modd Qil Facility (MOF), see Chapter 3.1, are outlined and discussed. A modd ail,
Exxsol D-60, and water are introduced into the horizontad test section by the mixture
unit described in Figure 3.3. For observation of flow patternsa 0.8 m long plexiglass
section with 2” inner diameter is located 10.5 m downstream the mixing unit. The
measurements of flow patterns are carried out by a traversing gamma densitometer
placed 1.5 m further downstream.

Asdiscussed in Chapter 2.1 anumber of parameters such as physica fluid properties
(density, viscosity, surface tension), flow geometry (pipe diameter, mixing unit),
wetting properties (pipe materid) and operating temperaure and pressure can
influence the formation of flow patterns. In this study al of the above parameters are
fixed (only small variations in temperature and pressure exists). Only mixture velocity

and input water cut are varied. These variables are defined by:

Um — QO;QW (61)
C-g % 5 (62)

The experiments are carried out at constant mixture velocities with variations of input
water cut from 10 to 90%. The different flow patternsthat appear are classified by use
of visud observations, video camera recordings and gamma densitometry. Visud
observations and video camera recordings are done in the transparent part of the pipe
while gamma densitometer scans are conducted further downstream as mentioned

above. Theflow experiments are recorded for about one minute.
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The flow patterns observed can be categorized in two main classes. Stratified flows
(Figures 6.1-6.3) and dispersed flows (Figures 6.4-6.9).

Stratified flow
Stretified flows are flows where the oil and water are completely separated. Some
dispersion (droplets of one phase in the other) may occur at the interface but in

general the phases flow separately.

Stratified smooth (SS) flow shown in Figure 6.1, appears & low mixture velocities
and intermediate water cuts, and is characterized by a smooth interface with no
droplets and only small waves. By increasing the mixture velocity or by introducing
low or high water cuts, larger amplitude waves will start to gppear a the interface and
droplets of oil in water and water in oil may occur near the interface. This flow
pattern is defined as stratified wavy (SW) and is shown in Figure 6.2.

At higher flow rates the interface becomes even wavier and alarge number of droplets
exigs. The droplets are formed by break-up of the interfacial waves but are still kept
close to the interface since neither of the phases contains sufficient energy to
distribute the droplets across the pipe. Such a flow pattern is defined as stratified
mixed (SM). Mixed, because the phases being mixed with droplets near the interface.
Stratified mixed flow has three appearances shown in Figure 6.3a to c. The droplets
can gppear as water dispersed in ail (), oil dispersed in water (b) or both (c). From

now on it will not be di stinguished between these three cases.

Dispersed flow

Dispersed flows are flows in which one phase is either fully or partialy dispersed in
the other. In other words, when one of the phases is no longer continuous, but rather
exigts as droplets flowing in the continuous phase, the flow isin the dispersed flow

category. Depending on flow conditions several forms can appear.

Under certain conditions (i.e. at low water cut and intermediate mixture velocity), a

dense packed layer of water droplets may appear near the pipe wall. Thisis shown in
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Figure 6.4. The dispersed water droplets are so closely packed that it looks like a
layer. Because the mixture velocity is relatively low, the droplets avoid being
distributed across the pipe cross section. This pattern is called an oil continuous
dispersion with a dense packed layer of water droplets (Do-DP). This pattern occurs
only at low water cuts and sufficiently high mixture velocity for formation of water
dropl ets. The thickness of the DP layer varies with time and has awavy character. Itis
believed tha effects due to gravity forces and surface tenson overcome the
distribution properties of the turbulencein the continuous phase. At the same mixture
velocity one may go from a SM pattern to a Do-DP pattern by lowering the water cut
sufficiently. In other words, transformation from a dtratified flow pattern to a

dispersed flow pattern occurs by lowering the water cut done.

At high water cutsasimilar dense packed layer of oil droplets may occur. This pattern
is defined as awater continuous dispersion with a dense packed layer of oil droplets
(Dw-DP) and is presented in Figure 6.5. For such a pattern to appear, the mixture
velocity must be high enough to disperse the ail yet low enough to avoid distribution.
For SM flow with a proper mixture velocity the Dw-DP pattern is obtained by
increasing the water cut sufficiently. Tralero et a. (1997) also identified such a
pattern and cdled it a dispersion of oil in water and water (Do/w & w). Nédler and
Mewes (1997) named it an oil-in-water dispersion above awater layer. Arirachakaran
et al. (1989) classfies it as mixed layers (a mix of sratified and dispersed) of a

dispersion and a“free” phase.

By further increasing the mixture velocity the DP layer will break up and droplets are
distributed across the pipe as a conseguence of the turbulent motion of the continuous
flow. The flow now becomes fully dispersed. An oil continuous dispersion with an
inhomogeneous distribution of water droplets (Do-l) will eventudly appear if mixture
velocity isincreased in aDo-DP flow. This pattern is shown in Figure 6.6. Similarly a
water continuous dispersion with an inhomogeneous distribution of oil droplets (Dw-
1) shown in Figure 6.7 appears if the mixture velocity is increased in a Dw-DP flow.
At very high mixture velocities the digtribution of droplets becomes homogeneous
acrossthe pipe. A homogeneous oil continuous dispersion (Do-H) and a homogeneous

water continuousdispersion (Dw-H) are shown in Figure 6.8 and 6.9, respectively.
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Figure 6.1 Stratified Smooth (SS). Figure 6.2 Stratified Wavy (SW).

Figure 6.3aStratified Mixed (SM) Figure 6.3b Stratified Mixed (SM)
with water dropletsin oil. with il dropletsin water.

Figure 6.3c Stratified Mixed (SM)
with droplets of both water in ail

and oil in water.
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Figure 6.4 Oil continuous dispersion Figure 6.5 Water continuous dispersion
with dense packed layer of water with dense packed |ayer of il droplets
droplets(Do-DP). (Dw-DP).
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Figure 6.6 QOil continuous dispersion -
inhomogeneous (Do-1)

Figure 6.8 QOil continuous dispersion -
homogeneous (Do-H)
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Figure 6.7 Water continuous dispersion —
inhomogeneous (Dw-I)

Figure 6.9 Water continuous dispersion -
homogeneous (Dw-H)

6.2 MEASUREMENTS OF LOCAL PHASE FRACTION

Loca phase fractions of oil and water in the pipe are measured with a traversing

gamma densitometer according to the principles outlined in Chapter 5. This technique
does not require transparent fluids as the LDA technique employed for velocity
studies does. The gamma densitometer gives an average vaue over a certain time
period, which in most cases is 10-15 seconds in each position, except during

calibration, when the time period is 30 seconds. The raw gamma scans are cal cul ated

into water concentration profiles (x-axis)

normalised pipediameter (y-axis).

In|

s
In(l%))

by Equation 6.3 and plotted versus the

(6.3)
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6.2.1 Characteristic gamma densitometer scansfor thevariousflow patterns

M easurements of local phase fractions or hold-ups are superimposed on still pictures
from video camera recordings. The y-axis is scaled to fit the inner pipe diameter on
the pictures. Keep in mind that these pictures are an instantaneous representation of
the flow, while the video recordings show a highly dynamic behaviour. The gamma

densitometer produces time-averaged values.

Most of the flow patterns defined in the previous section are well presentable as a
picture. Homogeneous dispersions though, do not exhibit enough contrasts, and thus

the picture of this flow patternis of lower quality.

Figure 6.10 shows atypica stretified smooth (SS) flow pattern. As seen in the picture,
oil and water is separated by a sharp interface. The top of the pipe consists of pure ail,
and a0% water concentration profile is obtained from the gamma scan. As the gamma
instrument traverses down through the pipe diameter the water fraction suddenly rises
to 100% when the oil/water interface is crossed, because pure water exists below this
interface. The SS flow pattern is determined by the almost horizontal gradient of the
curve at the interface of water and oil. Since the phase fraction curve displays a sharp
increase from zero to unity (the nearly horizonta part) and the concentration of water
at the bottom of the pipe reaches 100%, we can conclude tha this flow pattern is
stratified flow with little or no waves/droplets at the interface, even without using the
picture. From the figure it is seen tha the 0.5 water fraction (the core of the interface)
lies dightly above the interface as it appears on the picture. In generd for al the
pictures the reason for these deviations may be explained by the dynamics of the
interface. For Figure 6.10 this means that theinterface has a certain wavy nature.

As the mixture velocity increases (an increase in energy input), the sratified wavy
(SW) flow pattern displayed in Figure 6.11 appears. This gamma scan is very similar
to the scan obtained in the Figure 6.10, but the interface region is broader than in the
stratified smooth flow case. In other word, steeper gradients (i.e. steeper than the
horizontd gradient) in the locd phase fraction are seen in SW flows compared to that
of SSflows. Thisis dueto the waves and the entrained droplets around the interface.
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When the interface is even more chaotic, tha is when there are more droplets
dispersed in both phases near the interface region and aso larger amplitude waves, as
shown in Figure 6.12, the pattern is defined as stratified mixed (SM). The ganma
scan profile has an even steeper gradient a the interface than the SW flow. The
interface region of such aflow can cover the mgjor part of the pipe leaving only small
continuous zones at the top and at bottom of the pipe. As seen from the concentration

profilein Figure 6.12 about haf the pipe isinfluenced by theinterface.

Figure 6.13 shows atypical flow pattern of an oil continuous dispersion with adense
packed layer of water droplets (Do-DP). As expected, the gamma scan displays pure
oil in the top part of the pipe. The dense packed layer consists of dispersed water
dropl etsdriven by the continuous oil phase. Thus, we do not observe pure water in the
bottom of the pipe. The water concentration in this region is up to 80%. Furthermore,
the concentration profile gradient at the interface is much steeper than for the
stratified flow patterns described earlier. The height of the dense packed layer varies
during the time period of each gamma measurement. The height seen on the pictureis

an average value (positions—0.10 to —1.0).

The gamma scan of the opposite flow pattern, the water continuous dispersion with a
dense packed layer of oil droplets (Dw-DP), is shown in Figure 6.14. Water
concentration equas unity in the lower haf of the pipe, but fallsto about 0.05 near the
upper wall when the dense packed layer is passed. Pure ail is not observed in the top
of the pipe. Similarly as for Do-DP flows the concentration gradient is determined by
the height of the dense packed layer. With the naked eye, the dense packed |ayer
looks like a layer of even concentration. However, the gamma scan shows that the

concentration of oil falls through the whole layer from thewa | towards the pure water

layer.

The gamma scans of the inhomogeneous dispersions Do-I and Dw-I are shown in
Figure 6.15 and 6.16. For this particular oil continuous case (Do-I), the concentration
profile is zero from position 1.0 to 0.7. In the rest of the pipe the profile has a steep
gradient and reaches 80% concentration a the bottom wall. The characteristic dense

packed layer is not seen. The concentration profile for the water continuous (Dw-I)
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case shows higher water concentration in the bottom (90%) compared to the ail
continuous (Do-l). The curvature is also different, as can be seen from Figures 6.15
and 6.16. For water continuous dispersions the gradient of the concentration curve is
reduced from bottom to top in the pipe. For il continuous dispersions though, the
gradient of the curve increases from bottom to top. The curvature difference in the
gamma scans is helpful since it can be difficult to distinguish between Do-1 and Dw-I
with visual observations done. The change of curvature in a water continuous
dispersion compared to an oil continuous dispersion may perhaps be used to detect the
phase inversion, that is, when the dispersion changes from being oil continuous to
being water continuous. However, this is not a reliable method for predicting the

phase inversion point.

Homogeneous dispersions appear only a high mixture velocities. The Do-H pattern is
not seen in any of the experiments carried out in the model oil facility. Thereason is
the limitations in the deivery from the oil-pump. In this work, dispersons are
classified as homogeneous when the concentration curve |ooks something like the one
presented in Figure 6.17 for a Dw-H flow. Here, the water concentration is between
85 and 95% in al positions. Constant liquid fractions are not seen in any of the
experiments. The water continuous disperson shown in the figure is not well
displayed as a picture. The reason is tha droplet concentration is too high and the
droplet sizes too low for any contrasts to appear in a picture. To distinguish between
inhomogeneous and homogeneous dispersons without the use of the gamma

densitometer would have been difficult.
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Figure 6.10 Stratified smooth (SS) flow a a mixture velocity of 0.67 m/s and input
water cut of 50%.
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Figure 6.11 Stratified wavy (SW) flow a a mixture velocity of 1.0 m/s and input
water cut of 70%.
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Figure 6.12 Stratified mixed (SM) flow at a mixture velocity of 2.0 m/s and input
water cut of 50%.

Figure 6.13 Qil continuous dispersion with a dense packed layer (Do-DP) at a mixture
velocity of 1.0 m/s and input water cut of 10%.
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Figure 6.14 Water continuous dispersion with dense packed layer (Dw-DP) at a
mixture velocity of 1.0 m/sand input water cut of 90%.

Figure 6.15 Oil continuous dispersion, inhomogeneous (Do-l), at amixture vel ocity of
1.67 m/s and input water cut of 15%.
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Figure 6.16 Water continuous dispersion, inhomogeneous (Dw-1), & a mixture
velocity of 3.0 m/s and input water cut of 50%.

Position (-)

Figure 6.17 Water continuous dispersion, homogeneous (Dw-H), at a mixture velocity
of 2.5 m/sand input water cut of 90%.
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6.2.2 Measurements of local phasefractions at constant mixturevelocity

Now that the concentration profiles of each flow patern have been described, the
results from al the experiments are presented. Figures 6.18 to 6.26 present
measurements of loca phase fractions often referred to as hold-ups, for variations of
input water cut a constant mixture velocity. Bear in mind that pump/flow meter
limitations regarding very low and very high volumetric flows reduce the number of

possible water cuts at some mixture vel ocities.

For the mixture velocity of 0.4 m/s presented in Figure 6.18 al three water cuts are
stratified smooth. The gradient of the curves are amost aike and the interface is
located in the centre for 50% water cut and equal ly off-centre for 25% and 75% water
cuts. When the mixture velocity is increased to 0.67 m/s as presented in Figure 6.19
the concentration gradients are steeper. By studying video recordings together with
gamma densitometer results all water cuts with the exception of 90% are classified as
stratified. The flow of the 90% water cut does not show zero water concentration in
the top of the pipe, but rather varies from 5% to 12%. The flow pattern is classified as
Dw-DP.

A further increase in mixture velocity to 1.0 m/s and 1.34 nVs is shown in Figures
6.20 and 6.21, respectively. Here, dispersed flows are located both a high and low
water cuts. The transition water cut from stratified flow to dispersed flow dso
decreases for higher water cuts. The transition is between 80% and 90% water cut for
1.0 m/s and between 60% and 75% water cut for 1.34 m/s. For the case of 1.0 m/s, the
concentration profiles of 85% and 90% water cuts show dispersed character. The 10%
water cut is dispersed while the 15% water cut is a borderline case, but classified as
stratified. For 1.34 s, dispersed flows are seen for water cuts of 75% and 85%. In
the low water cut region at this mixture velocity, the first inhomogeneous disperson
occur. Thisflow of 15% water cut is classified asoil continuous (Do-1). The stretified

flows are either SW or SM for both mixture velocities.
If we look a the mixture velocities of 1.5m/s and 1.67 m/s presented in Figures 6.22

and 6.23, the tendency continues. Transition from stratified to dispersed flows are

close to 70% water cut for 1.5 nv/s and dose to 60% for 1.67 m/s. Thisis seen from
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the change is the concentration profiles. Stratified flows now only appear as SM
patterns. The interface region in each of the stratified flows becomes broader as the

mixture vel ocitiesincrease, as can be seen from the concentration profiles.

At a mixture velocity of 2.0 m/s shown in Figure 6.24 the first inhomogeneous
dispersions tha are water continuous occur. All water cuts from 75% to 90% have
Dw-I pattern. Likewise dl water cuts from 30% to 10 % are Do-I flows. At 2.5 m/s
presented in Figure 6.25 the gradient of the 90% water cut concentration profile is
almost vertical. This flow is classfied as ahomogeneous water continuous dispersion
(Dw-H). Hardly any of the curves at this mixture velocity show gratified character,
but small layers where the concentration is zero or one, can be seen for 45% to 60%
water cut. The interface in these SM flows covers the mgjor part of the pipe. At the
highest mixture velocity of 3.0 m/s presented in Figure 6.26 no stratified flows are
seen. The 80% water cut is Dw-H. For water cuts between 70% and 40% the flow
appears as Dw-Il. For the case of 35% water cut it is hard to decide whether the
dispersion is oil continuous or water continuous, but in the end it is classified as Do-I.
It is assumed that phase inversion occurs somewhere between the 35% and 40% water

cut cases.
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Figure 6.18 Local phase fractions at Un=0.40 m/s at varying input water cuts.
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Figure6.19 Local phasefractions at Un=0.67 m/sat varying input water cuts.
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Figure 6.20 Local phasefractions at Un=1.0 m/s a varying input water cuts.
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Figure6.21 Local phasefractions at Un=1.34 m/sat varying input water cuts.
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Figure 6.22 Local phasefractions at Un=1.5 m/s a varying input water cuts.
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Figure 6.23 Loca phase fractions at Un=1.67 m/s at varying input water cuts.
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Figure 6.24 Local phasefractions at Un=2.0 m/s a varying input water cuts.
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Figure 6.25 Local phasefractions at Un=2.5 m/s a varying input water cuts.
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Figure6.26 Local phasefractionsat Un=3.0 m/s at varying input water cuts.
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6.3 FLOW PATTERN MAPS

For comparison with the work of other investigators, such as those presented in
Chapter 2, flow pattern maps for the whole range of stratified and dispersed flows are
constructed. Figure 6.27 presents the flow patterns as functions of mixture velocity
and input water cut. A similar map for variationsin superficia velocities of the phases

isgiven in Figure 6.28. The earlier defined superficial velocities are given by:
Q

U ==o U ==w 6.4
A ©4)

As seen from both maps the distribution between gratified flows and dispersed flows
are almost equal. At low mixture velocitiesthe dispersed flows are located outside the
intermediate water cuts, but becomes more and more pronounced as the mixture
velocity increases. Compared to Tralero et a. (1997) and Nadler and Mewes (1997)
the same trends can be seen (i.e. stratified flows appear at low mixture velocities and
intermediate water cuts and dispersed flows appear at high mixture velocities and/or

either low or high water cuts.

This study of flow patternsin the mode oil facility systemis the basis for the pressure
drop- and slip measurements discussed in the following chapter. It dso displays
vauable information for the laser Doppler measurements that are presented later in the
thesis. Since LDA measurements require transparency of the fluids, something that is
inhibited by waves and droplets, it is the sraified flow patterns tha are given most
attention in the following chapters.
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Figure 6.27 Flow paterns as functions of mixture velocity and input water cut for
Exxsol D-60 and water in the modd ail facility.
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Figure 6.28 Flow patterns as functions of superficial velocities for Exxsol D-60 and
water in the modd ail facility.
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CHAPTER 7:
PRESSURE DROP EXPERIMENTS

7.1 PRESSURE GRADIENTSIN SINGLE-PHASE FLOW

In Section 3.1.8, verification experiments of pressure drop in single-phase flow in the
modd oail facility were presented. Experimenta friction coefficients were calculaed
from the measured pressure gradients for the lowest possible to the highest possible
volumetric flow. Experimental coefficients as functions of Reynolds number follow
empirical correlations quite well for both water and oil, which was shown in Figures
3.6 and 3.7. The conclusion from these experiments is that the pressure drop
measurement system in the modd oil facility operates satisfactorily. The single-phase
pressure gradient experiments act as abasis for the following experimentsin two-phase

flow.

The maximum loadings that are used for the pumps are 18 m*/h (pumps are designed to
have 30 m¥h each). Thus, it is possible to obtain a single-phase flow of 36 m¥h using
both pumps. However, when producing two-phase flows the flow limits means that
only afew input water cuts can be produced at high mixture velocities. For instance, a
a mixture velocity of 3.0 m/s input water cut is limited to between 0.33 and 0.67. At

very low mixture velocities smilar limitsin water cuts exist.

7.2 PRESSURE GRADIENTSIN TWO-PHASE OIL / WATER FLOW

Pressure gradients in sratified and dispersed flows of oil and water are presented in
Figures 7.1 and 7.2. For each mixture velocity the input water cut is varied from 10%
to 90% or as much as dlowed within the restrictions given by the pumps. Single-
phase flow measurements were conducted at random flow rates and two-phase flow
measurements at fixed mixture velocities. The sngle-phase values plotted in the
figures (at Cw = 0 and Cw =1) are found from trend line regression of the single-
phase data presented in Figure 7.3. Here, the data are curve-fitted by the least squares
method with 2™ order polynomial regression for prediction of future values The R-

sguared value shown in the figureis known as the coefficient of determination, and is
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an indicator that ranges in value from 0 to 1. It reveals how closely the estimated
trend line corresponds to the actual data. A trend line is most reiable when its R-
squared valueis at or near 1. For n samples of a pair of values (x,y), the definition of
R-squared given by Miller et d. (1990) is.

e Sk
"S5, (7.1)
where:
Su=D (0%, S, =Y -9" Sy =3 -%y -7) (72)

For mixture velocities from 1.0 m/s and higher, afal in pressure gradient is observed
at low water cuts compared to that of pure oil (Cw = 0). The tendency becomes more
pronounced as the mixture velocity is increased. For the two highest mixture vel ocities
there exist no measurements between that of zero water cut and 35% water cut. What

happens to the pressure gradient in this region is not resol ved by the curves presented.

Water cuts around 35% are probably close to the point where the dispersion changes
from being oil continuous to being water continuous as discussed in the previous
chapter. A peak in pressure drop around the point of inversion as observed by severa
investigators, as for ingance Guzhov (1973), Vdle and Utvik (1997) and Soleimani et
al. (1997), is not seen in any of the experiments. Most likely the mixture velocity is too
low for the expected peak to appear. Also, the mixing unit at the entrance of the test
section described in Chapter 3 is made in away that reduces dispersion.

Soleéimani et a. (1997) and Soleimani (1999) aso report asimilar fdl in the pressure
gradient at low water cuts. The phenomenon is probably attributed to the formation of
oil continuous dispersions. The previous study of flow patterns revedl s that the flow is
either Do-DP or Do-1 in the region where the initid fal in pressure gradient is found.
For 0.40 m/s and 0.67 nVs the flow is for the most part sratified even at these low
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water cuts, and no initia fdl in the pressure gradient is observed. According to
Soleimani (1999), presence of drops will repress turbulence and because of that dso
exhibit drag reduction. The opposite effect is observed with water continuous
dispersions tha are formed at higher water cuts. Especidly for the lower mixture
velocities presented in Figure 7.2 a peak in the pressure gradient is observed. It is
|located at about 95% water cut for 0.67 m/s, and shifts to lower water cuts as the
mixture velocity increases. At 1.67 m/s the peak is observed already at 70% water cut.
If we look at the flow pattern map presented in Figure 6.27 the flow paterns that exist
in the peak region are classified as Dw-DP. The flow changes from stratified with two
continuous phases to dispersed oil droplets in a continuous water phase. If we look a
the sratified cil layer done, it undergoes an inversion-like transtion in the way that it
changes character from continuous to droplet flow. Thus, the process may have a
similar effect on viscosity and pressure drop as ordinary inversion has in fully
dispersed flows. However, the mechanism of inversion is not completely understood.
Therefore at this point we can only ascertain this increase in the pressure gradient for

this particular two-phase system of Exxsol D-60 and water.

The summary of this discussion isthat pressure drop in oil/water flow is dependent on
flow patern conditions. Also the effect of phase inversion in fully dispersed flows
does not appear on the pressure gradient at the employed mixture vel ocities and water
cuts. The “inversion like” trandtion from SM to Dw-DP that leads to increased
pressure drops is a phenomenon that is seen in the experiments where the mixture
velocity isbelow 2.0 m/s.
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Figure 7.1 Pressure gradientsin oil/water flow —low mixture vel ocities.
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Figure 7.2 Pressure gradientsin oil/water flow — high mixture velocities.
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Figure 7.3 Polynomia regression of pressure drop experiments for single-phase oil and
water.

7.3 EXPERIMENTAL PRESSURE GRADIENTSCOMPARED TO
COMPUTER SIMULATIONS

7.3.1 Thetwo-fluid model for stratified flow

The two-fluid moddl is based on a momentum balance for each phase. Gravity and
shear forces balance the pressure gradient of each phase according to Equations 7.3
and 7.4. The model is outlined in detail in Section 2.2.1.

Ao(%]_fo So “Tow Sow_pvogSinGZO (73)
dp .
A, [a]—rw S, +7,, Su —P,A,9SN0 =0 (74)

For horizontal pipes (6 = 0) and elimination of the pressure gradient, leads to a non-
linear algebraic equation, which has to be solved iteratively with respect to the in-stu
water fraction:
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€.T0S, T €3 TonSow — (L—€,)7,S, + L—€,)T00 S =0 (7.5)

The pressure gradient isthen found by insertion into either Equation 7.3 or 7.4.

In stratified flow it is common to speak about dip between the phases. The dip ratio,

sometimes referred to only as dlip, is given by:

U U
S:% U_5°= w U_SO (7.6)

From gamma densitometer experiments, as discussed in the previous chapter, local
phase fractions are found in each of the sdected positionsin the pipe. The total holdup
or in-situ volume fraction is estimated and the dip ratio then cal cul ated.

Experimental pressure gradients together with dips obtained from gamma
densitometry are compared with smulation results using the two-fluid modd. Mixture
velocities ranging from 0.40 m/sto 1.67 m/s are presented in Figures 7.4 to 7.9. Flow
pattern studies show that the flow is mainly stratified or dispersed with adense packed
layer (Do-DP, Dw-DP) at these mixture velocities. Exceptions are the lowest water cut
in the mixture velocities ranging from 1.34 m/s to 1.67 m/s where the flow is fully
dispersed (Do-1). Nevertheless, the two-fluid mode is employed for both the semi-
dispersed, Do-DP and Dw-DP water cuts, aswell asfor the fully dispersed.

From Figure 7.4 it is evident that the pressure gradient is under-predicted in the whole
region of two-phase flow. The single-phase measurements are satisfactory predicted by
the mode. The measured dip ratio is close to the smulated at 50% water cut, but the
slopes of the curves are different, resulting in under-prediction a the low water cuts
and over-prediction at the high water cuts. The comparisons a the next mixture
velocity, presented in Figure 7.5, show a similar under-prediction of the two-phase
pressure gradient and the pressure gradient in pure oil. The dope of the measured dip
ratio is close to the smulated. At high water cuts the experimental and the simulated
dlip curves approach each other.
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At 1.00 m/s and 1.34 m/sdisplayed in Figures 7.6 and 7.7, the pressure gradient is well
predicted by the modd for intermediate water cuts. When the flow is dispersed Dw-DP
the pressure drop is highly under-predicted by the two-fluid modd. The under-
prediction is also present for Do-DP flows a low water cuts. The single-phase pressure
drops are well predicted except for that of pure ail at 1.34 m/s. The dip ratios are well
predicted a water cuts above 25% for both mixture velocities.

A further increase in mixture velocity to 1.50 m/s as shown in Figure 7.8, displays the
same tendency for the pressure gradient. Between 10% and 70% water cut, with the
exception of the measurement at 45%, the pressure gradient is well predicted. Outside
this dratified region the same under-prediction as before is seen. The single-phase
pressure gradients are under-predicted. The measured dip ratio is higher than the
simulated for water cuts above 30%.

At the highest mixture velocity of 1.67 nvV's presented in Figure 7.9 the flow is dratified
between 25% and 60% water cut and dispersed elsewhere in the two-phase region. The
two-fluid model over-predicts the gradient in the stretified region and under-predicts it
in the dispersad region, especidly at water cuts above 70% and for single-phase oil the
under-prediction is seen. The dlip ratio however, iswell predicted up to 60% water cut.

The overal conclusion is that the two-fluid modd predicts the pressure gradient well
for intermediate water cuts, except for the lowest mixture velocities. In generd, the
mode under-predicts in the regions where the flow is dispersed Do-DP and Dw-DP.
For the water continuous dispersions the disagreement is largest. The measured dlip
ratios follow the same falling trend from low to high water cut as predicted by the
moded . Except at 0.67 m/sand 1.50 n/s the dlip ratios are well predicted.
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Figure 7.4 Experimental data compared to simulations with the two-fluid model for a
mixture velocity of 0.40 m/s.
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Figure 7.5 Experimental data compared to simulations with the two-fluid model for a

mixture velocity of 0.67 m/s.
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Figure 7.6 Experimental data compared to simulations with the two-fluid model for a
mixture velocity of 1.00 m/s.
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Figure 7.7 Experimental data compared to simulations with the two-fluid model for a

mixture velocity of 1.34 m/s.
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Figure 7.8 Experimental data compared to simulations with the two-fluid model for a
mixture velocity of 1.50 m/s.
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Figure 7.9 Experimental data compared to simulations with the two-fluid model for a
mixture velocity of 1.67 m/s.
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7.3.2 Analyss of theinterfacial friction coefficient

One way to modd the interfacia friction coefficient is to set it equa to the friction
coefficient of the faster flowing phase. Another procedure isto ignore the interfacial
friction when the phases travel with gpproximately equa velocity. Thisis due to the
interface being seen as a free surface with respect to each of the phases. In the
simulations done in this thesis, the interfacial friction coefficient is cdculaed in a
similar manner to the friction coefficient for ail, but the roughness in the equation of
Haaland (1983) is s&t to zero:

1.1
6.9 e
(] ) ho

whereeisequd to zero.

This calculation is generdly used for all water cuts. In Figures 7.10-7.12 the output
from iterations on Equation 7.5, for a mixture velocity of 1.0 m/s, is compared when
the interfacia friction coefficient is calculated based on oil (I-0) or based on water (I-
w). The water-based cd cul ation implies that the Reynolds number for oil is exchanged
with that of water in Equation 7.7.

As seen from Figure 7.10 and Figure 7.11 there are insignificant changes in the
perimeters (defined in Figure 2.17) and holdups, respectively. There are some
differencesin the shear stresses as shown in Figure 7.12. Thisis especidly evident for
the oil shear a high water cuts, the water shear at low water cuts and the interfacial
shear at both high and low water cuts. The overal pressure gradients displayed in
Figure 7.13 show small deviations at water cuts below 10% and above 90%.

Simulations of other mixture vel ocities show similar trends.

From these simulation results it is concluded that calculation of the interfacial friction
coefficient with either the oil-based or the water-based method for all water cuts show
only small deviations in the pressure gradient. If the oil-based method were used
whenever the actud oil velocity, U,, is higher than the actud water vel ocity, Uy, and
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otherwise the water-based method were used when U,>U,, the simulated pressure
gradient will follow the full line at low water cuts and the dashed line a high water
cuts. All experimental data are taken between 10% and 90% water cut, and thus the

comparisonsin Figures 7.4 to 7.9 are more or |less unaffected by the above discussion.

7.3.3 The homogeneous model for dispersed flow
The homogeneous model for estimation of pressure gradients in dispersed flow is

given by:

d f.p, U2 .
=l p g sin(6) (7.8)

For horizontal pipes (6 = 0) the gravity term is neglected. The friction coefficient of the
mixtureis caculated by the Blasius equation:

f. =0.312Re>® (7.9)

where the Reynolds number of the dispersed mixture can be calculated using a single-

phase analogy if the dispersion is homogeneous (or closeto):

U_d
Re, = % (7.10)

The mixture density is model ed by:
pm =8pr +80p0 (7'11)

For the mixture viscosity several models exist as described in Chapter 2.2.2. One of
them isthe empirical model by Pa and Rhodes (1989):
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25

08415 %
g o=Hm_ | @ |fy o Pew (7.12)
He Pu-100 1-08415— 2
2100

Sentvedt and Vale (1994) suggested ¢,-100=0.765. Another modd is the more Smple
equation developed by Guth and Simha (1936):

Un=H, 1+25¢0+14.1¢7) (7.13)

Both models imply knowledge of the phase inversion concentration. This is because
the dispersed mixture viscosity, um, and the dispersed phase concentration, ¢, is related
to oil in oil continuous dispersons and to water in water continuous dispersions. The
mode s predict a peak in the viscosity and the pressure gradient at the inversion water

cut. In practice the use of thesetwo modd s are as follows:

1. Theinversion concentration must be known.

2. In the case of oil continuous dispersionsthe mixture viscosity is a function of the oil
viscosity. Simulations are made from low water cuts and up to theinversion water cut.
3. In the case of water continuous di spersions the mixture viscosity is a function of the
water viscosity. Simulations are made from high water cuts and down to the inversion

water cut.

When we have no knowledge of the inversion concentration, the mixture viscosity can
be estimated in a Smilar way to the density. In generd, the inversion concentration is
not known for the system of Exxsol D-60 and water, but indications from the gamma
densitometer experiments are close to 35%. By weighting the water viscosty by thein-
situ water fraction and the oil viscosity by the in-situ ail fraction, the resulting mixture

viscosity becomes:

#m = SW#W + SO#O (7'14)
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The experimenta pressure gradients at mixture velocities from 2.0 m/sto 3.35 m/s are

compared to simulations with the homogeneous model in Figures 7.14 to 7.16.

For the mixture velocity of 2.0 m/s presented in Figure 7.14 the intermediate water cuts
from 30% to 60% results in dratified mixed flow (SM). The experiments are thus
compared to both the two-fluid mode and the homogeneous mode . The homogeneous
mode highly over-predicts the pressure gradient if the viscosity modes of Pa and
Rhodes (1989) or Guth and Simha (1936) are used to calculate the mixture viscosity. If
the concentration-weighted viscosity model is used, the homogeneous modd fits
better, but gill over-predicts at intermediate water cuts. In the dispersed regions an
under-prediction is observed. The two-fluid model aso over-predicts at the stratified
intermediate water cuts, and produces similar results as for the concentration-weighted
viscosity homogeneous model. When approaching either single-phase flow, the
concentration-weighted viscosity homogeneous model fits the experiments better
except at very high water cuts where the experiments show a peak that is closer to Pal
and Rhodes (1989) and Guth and Simha (1936). With single-phase flows al modds
predict the same result and thus they all fit the experiments equdly well.

At the mixture velocity of 2.5 m/s shown in Figure 7.15 the comparison with Pal and
Rhodes (1989) is dropped. The two-fluid modd is dso left out since the flow is
dispersed for al water cuts except between 45% and 60%. Still the homogeneous
mode with the concentrati on-weighted viscosity cal culation fits the experiments best.
Both models over-predict at intermediate water cuts.

For the mixture velocities of 2.67 m/s to 3.35 m/s presented in Figure 7.16 only
comparisons with the homogeneous modd with concentration-weighted viscosity are
made. The modd over-predicts the pressure-gradient at intermediate water cuts and
under-predictsit at low and high water cuts.
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Figure 7.10 Perimeters calculated with oil-based (I-0) interfacid friction coefficient
compared to those cal culated with water-based (I-w), Un=1.0 m/s.
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Figure 7.11 Holdups calculated with oil-based (I-0) interfacia friction coefficient
compared to those cal culated with water-based (I-w), Un=1.0 m/s.
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Figure 7.12 Shear stresses calculated with oil-based (1-0) interfacial friction coefficient
compared to those cal culated with water-based (I-w), Un=1.0 m/s.
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Figure 7.13 Pressure gradients calculated with oil-based (1-0) interfacia friction
coefficient compared to those cal cul ated with water-based (I-w), Un=1.0 nvs.
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Figure 7.14 Comparison of experimentd pressure gradients a a mixture velocity of

2.00 m/s with thetwo-fluid modd and the homogeneous model.
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Figure 7.15 Comparison of experimenta pressure gradients a a mixture vel ocity of

2.50 m/s with the homogeneous moded.
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Figure 7.16 Comparison of experimental pressure gradients at a mixture velocity of
2.67 m/sto 3.35 m/s with the homogeneous model.

In general, the homogeneous modd with no consideration of inversion fits the
experiments best. Since both Pal and Rhodes (1989) and Guth and Simha (1936)
predict a peak in the pressure gradient at the inversion fraction, these modes will
inevitably differ more from the experiments. At higher mixture velocities than
presented in this work, phase inversion will induce a peak in the pressure gradient, and
these models will most probably fit better. Experiments done by Soleimani et al.
(1997) on Exxsol D-80 (which isadlightly different oil than Exxsol D-60) and water in
horizontd pipes confirm the peak in the pressure gradient.
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CHAPTER 8:
MEASUREMENTS OF VELOCITY AND TURBULENCE IN
STRATIFIED OIL/WATER FLOW

8.1 INTRODUCTION
In this chapter, which completes the experiments carried out in the model ail facility,
laser Doppler anemometry is used to study velocities and turbulence in two-phase

pipe flow.

The modd oail facility was described in detail in Section 3.1. The fluids are Exxsol D-
60 and water, and they flow simultaneously in a horizontal pipe. Depending on the
mixture velocity and the input water cut different flow patterns will occur. They are
described in Section 6.1. Laser Doppler anemometry requires transparent pipes and
fluids. Also, to improve optical conditions a partia refractive index matching (RIM)
procedure is needed. The specialy designed measurement section dong with the
partial RIM procedure was outlined in Section 4.4. Basicaly the procedure is to use
water in the rectangular box around the pipe when measurements are carried out in the
water phase, and oil when measurements are carried out in the oil phase. In that way,
the optical conditions are improved (athough the pipe material, which has a different
refractive index than water and ail still produces difficulties). Even if the partid RIM
procedure is carried out, the LDA are limited to measurements mainly in the
continuous phase. This means that in sratified flows (SS, SW and SM), both phases
can be studied. It is dso possible to do measurements in the continuous phase in the
semi-dispersed flow patterns (Dw-DP and Do-DP). LDA measurements in fully
dispersed flows (Dw-1, Dw-H, Do-l and Do-H) are not possible without a full RIM
procedure (something that requires exactly the same refractive indices for oil, water
and pipe materia). M easurements of axial and vertica velocities are conducted aong
the vertica pipe diameter (i.e. from the top wal, through the centre, to the bottom
wall). With one exception, only cases where it was possible to obtain a full velocity
profile are presented. The exception is measurements in both phases in a Dw-DP

flow, to demongrate the difficulties that arise when it is atempted to measure in
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dispersed flow. All measurements in two-phase flow are compared to measurements

in sngle-phase flow.

Before we continue with the results from the experiments the basic equations for
axisymmetric pipe flow are presented (the axisymmetry refers to single-phase flow
only). The x-momentum equation for laminar axisymmetric flow in a circular pipe,

when using aboundary layer approach isgiven by:

au
pU—+pV

ou dP 190 Jau
o y*a—m[r ] ®D

Hor

One of the characteristics of turbulent flow is time dependence. The time dependence
follows from small-scale vortices in the flow. According to what is known as the
Reynolds decomposition theory, the velocity in turbulent flow can be described as the
sum of a steady component and a fluctuating component. The fluctuating component
varies with time, but becomes zero when averaged over time. The ingantaneous
velocity components u and v together with the static pressure, P, can be decomposed

asfollows:
u=u+u V=V+V P=P+P (8.2)

By substituting the Reynolds decompositions into Equation 8.1 followed by time-
averaging the momentum eguation for turbulent pipe flow appears when using the
boundary layer approach and congtant density, the following eguation can be
obtained:

(8.3)

Gou, -ou 1dP_10[ ou ~
or

—+V—t——==—|yr—-uv
oXx dar pdx ror
The detail s about the Reynolds decomposition and the time-averaging technique are

fond in for ingtance, Kays and Crawford (1993). The evaluation of the cross-moment

term UV is referred to as the “closure’ problem. When the cross-moment is
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multiplied by density the product is called Reynolds stress. One way to model it isto
assumethat it is proportiond to the axid velocity gradient in theradid direction:

— Ju

uv =-g, > (8.4)

The proportionality congant is caled the eddy diffusvity and has the same

dimensions as the kinematic viscosity v. The momentum equation then becomes:

—+V—+ = 85
oXx oar pdx ror or ®5)

-9u -du 1dP 19 ou
u = |(v+e, ) —
For comparison with laminar quantities, an eddy viscosity or turbulent viscosity may

be defined as:

Hy = PEy (86)

Theboundary layer models

We start with the smplest model called the two-layer model. From experiments in
turbulent pipe flow at least two different regions are observed. The first region is
located close to the wall and viscous shear is the predominant mechanism in
momentum transfer. This region is referred to as the viscous sublayer or sometimes
only the sublayer. The Reynolds number determines the “thickness’ of the sublayer.
Consider a given fluid flowing in a congant diameter pipe. Then, by increasing the
bulk velocity the thickness of the sublayer will decrease. For the pipe flow of water
and oil presented here, the thickness varies from about 0.1 mm to about 1.0 mm.
These values are based on theoretical cal cul ations and are dso confirmed in the LDA

experiments.
The other region, the fully turbulent, is assumed to cover the rest of the pipe. In this

region turbulent eddies are produced and momentum is transferred by turbulent

diffuson.
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In the viscous sublayer close to the wall v >> gy and in the fully turbulent region of
the flow v <<gy. Thetotd shear stressisthe sum of the molecular or laminar part and
the turbulent part:

=L T —(v+e, )—r 8.7)

Subsdtituting thisinto Equation 8.5 yields:

—-ou -du 1dP _ 1 9(r7)
u—+ =

X or p dx pr or 88)

For fully developed flow, V is zero and Uis only a function of r, and Equation 8.8
becomes:

1d(rz) _dP

8.9
rodr dx ®9)

It is often convenient to use wall coordinates for non-dimensiona presentation of

velocity data. The shear vel ocity or thefriction velocity of the flow is defined by:
U, =T/ p (8.10)

wherethewall shear isgiven by:
To=75PU (8.11)

and f istheMoody friction factor. Alternaively, thewall shear may be cd culaed by:
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dp
dx

d

=" (8.12)

The latter is recommended since it requires no information on velocity. The wall

coordinates for velocity and position are then defined by:

u
ut=— 8.13
u (8.13)
+_Zpu, _zu (8.14)
u v '

As for the mean velocities, the rms velocities are scaled with the friction velocity.

Cross-moments are scal ed with the second power of the friction velocity.

The viscous sublayer can be modelled:

=7 (8.15)
From experiments it is shown that the sublayer extends from z'=0 to just above z°

=11. The fully turbulent region is generdly described by the logarithmic egquation
called the law of the wall, which is vaid for flow between flat plates.

u" =244In(z")+5.0 (8.16)
For pipe flow a slight modification of this equation produces the Nikuradse equation,

which isknown to fit experimenta data better:
u" =25In(z")+55 (8.17)
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It is common to use theterm “law of thewall” for dl three equati ons above.

Another possibility is to divide the pipe flow into four regions (as opposed to two in
the two-layer model) as was done by Tennekes and Lumley (1974). Figure 8.1 shows
a sketch of the four regions forming wha we can cal the four-layer mode. The
viscous sublayer islocated closeto thewal | and extends from z'=0 to z'=5. Theu'=z"
moded fits experimentad data well in this region as for the two-layer modd presented
above. Thefully turbulent region islocated from z'=30 towards the centre of the pipe.
However, when the centre is approached experiments often deviate from the
Nikuradse equation that is valid in this region as illustrated in the figure. The region
where this deviation occurs is cdled the wake region. As the Reynolds number is
increased the wake moves to higher z* (i.e. the wake is shifted to the right). The
region between the viscous sublayer and the fully turbulent region from z'=5 to z'=30
is cdled the buffer layer. Measurements are often seen to deviate from the
correlaions given by Equations8.15 and 8.17 in thisregion.

Viscous Buffer  Fully turbulent

sublayer layer region

30
Wake
25 4
20 4
u+
15 4 o  Experiments
= = = =U+=z+
u+=2.5In(z+) + 5.5
10 -
5 1 }4
- ’

0 T T T

1 5 10 30 100 1000 10000

zZ+

Figure 8.1 The four-layer model. Such amode is presented by for instance, Tennekes
and Lumley (1974). The experiments are conducted at 1.02 nv's of water in a55.7 mm
pipe.
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8.2 LDA-MEASUREMENTS IN SINGL E-PHASE FL OW

8.2.1 Experimental matrix and measurement variables

M easurements of local phase fractions and pressure drops were described in Chapters
6 and 7, respectively. These measurements were carried out a severa mixture
velocities with variations in the water cut. The laser Doppler anemometry
measurements described in this chapter are carried out a similar mixture velocities as
in the previous experiments. LDA measurements in single-phase flow are done prior
to the two-phase measurements at the same bulk velocity as the mixture vel ocities for
two-phase flows. This is done to produce a foundation for comparison. Table 8.1

showsthe experiment matrix for the single-phase LDA experiments.

Table 8.1 Single-phase experimental conditions.

Flow rate | Bulk velocity | Reynolds Friction Friction Reynolds
[litre/min] | [MVs] numbers [-] velocities[m/s] | numbers[-]
Rew Reo Urw Ueo Re.w Reco
60 0.41 22832 | 11439 0.0248| 0.0258 | 1381 721
100 0.68 37868 | 18972 0.0366| 0.0386 | 2038 1076
150 1.02 56802 | 28458 0.0508 | 0.0539 | 2829 1501
200 137 79293 | 38223 0.0650| 0.0694 | 3620 1936
250 171 95227 | 47709 0.0791| 0.0843 | 4405 2353
300 2.04 113604 | 56916 0.0929 | 0.0993 | 5173 2772

URN:NBN:no-1301

The friction velocities are cdculated from single-phase pressure drop measurements

according to Equations 8.10 and 8.12. The friction Reynolds number is defined by:

Re, =& (8.18)

Vel ocity disagreement:
When velocity profiles of single-phase water or oil were integrated to produce the

volume flow, a small deviation compared to the flow meter reading was discovered.
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Control measurements of the inner plexiglass section reved ed tha the diameter was
55.8 mmin the position where measurements where conducted instead of 56.3 mm as
in the rest of the test section pipe. However, the flanging of the stainless sted section
and the entrance of the plexiglass section is specialy designed to be as smooth as
possible to ensure fully developed flow for the LDA measurements. Thus, the
plexiglass section has the same inner diameter as the rest of the measurement section
at the entrance, but narrows down to 55.3 mm at the exit. The LDA measurements are
carried out in the middle of the section and hence if the narrowing is linear the
diameter here is 55.8 mm. These diameter ratios are confirmed by vertica traversing
of the laser control volume inside the pipe close to the entrance, the middle and the
exit (it is easy to “find” the wall when the signas from LDA are studied). The result
of the narrowing of the diameter is dlightly higher mixture velocities for the LDA
measurements as they were carried out at the same flow rates as measurements of
local phase fraction and pressure drop. It is assumed that the errors in the LDA

measurements from the narrowing of the plexiglass section are small.

From the raw velocity measurements (ui, i) severa statistical quantities referred to as
moments can be caculated. These arelisted in Table 8.2.

Table 8.2 Satistical moments.

Quantity Axial component Vertical component | Equation
Mean G:ini u, Q:ini v, (8.19)
) i1
(RF\())'\(;ItSr;wean square |y = gni (U, —u)? Ve = ’iz:,ni (v, —V)? (8.20)
Turbulence T(u) = 2= .100% T () = 2= 100% (8.21)
intendty u v
o moments 0V =W - 07 3, - B0 - ) 822)
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In Equations 8.19 to 8.22 the weighting factor, provided tha the samples are
independent, is given by:
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1
R 8.23
Uiy (8.23)

If one canot make the assumption that the measurements are satisticaly
independent, then strictly speaking, Equation 8.23 should not be used. An dternative
method of providing statigticaly reliable data is the use of transit-time weighting.
Here, the raw data are weighted by the transit time, which isthetime it takes atracer
particleto travel through the measurement volume. Thetransit time weighting is done
after the raw data are collected (i.e. with the signd processor operated in the burst

mode):

it (8.24)

The weighting factor is described in detail in Chapter 4. The procedure for obtaining
reliable data is to obtain samples with the signal processor operated in the dead-time
mode (if thisis featured). This meansthat a certain time is allowed to elapse between
each validated sample. However, this increases the totd sampling time, something
that isnot desired in our case. Thus, the transit time wei ghting method is used.

8.2.2 M easurements

Axial velocity

Figure 8.2a presents axid velocity profiles for bulk velocities ranging from 0.41 m/s
to 204 m/s of single-phase water flow (which is used in dl the single-phase
experiments). Each profile shows the turbulent character of high gradients close to the
wall (in the viscous sublayer and the first part of the turbulent region) and lower
gradients as the pipe centre is approached. All profiles show symmetry around the
pipe centre (zZR = 0). The velocity reaches a maximum in the centre and drops down

to zero a thewadl. The density of measurement paointsis highest in the near wall area
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The velocity profiles are scaled by the friction velocities and plotted in wall
coordinates in Figure 8.2b. A smilar study of LDA in single-phase pipe flow was
carried out by den Toonder (1995). Due to symmetry, only measurements in the top
hdf of the pipe are presented. The measurements are compared to the law of the wall
as well as DNS data by Moser et d. (1999) for flow in a horizonta rectangular
channd and DNS data by Eggels et d. (1994) for flow in a horizontal pipe. The
measurements show satisfactory agreement compared to the law of the wall and the
DNS data for z* above 11 (i.e. in the turbulent region). Although it is worth noticing
that the DNS data for channd flow fit the experiments better than the data for pipe
flow. Still, for the rest of the LDA measurements only the work by Eggeds ¢ al.
(1994) will be used as a bas's for comparison. Eggels et a. (1994) compared their
DNS datawith PIV and LDA experiments and concluded that measurements of axial
mean velocity displayed similar deviations from the law of the wall as can be seen
from Figure 8.2b. As mentioned above the LDA measurements presented in thisthesis
follow the law of the wall, and thus it does not support the conclusions by Eggels et
al. (1994).

Close to thewadl, in the viscous sublayer, the measurements show some scattering. By
employing the two-layer model the “thickness’ of the viscous sublayer can be
calculated from Equation 8.14 by substituting z° with 11.3. Single-phase flow of
water at the velocities presented has a sublayer thickness that varies from 0.44 mm at
0.41 m/sto 0.12 mm at 2.04 m/s. Asdiscussed in Section 4.4.2 it is difficult to get
reliable 2-D measurements close to the wal due to partial and sometimes totd
separation of the individud control volumes. This is probably the reason for the
scattering of the measured vel ocities in the sublayer. In al experiments the laser was
operated in 2-D mode.

Velocity fluctuations—u-rmsand v-rms

The root mean square (rms) velocities u-rms and v-rms describe velocity fluctuations
in the horizontal (axial) and vertical directions. They are presented in Figures 8.3 and
8.4. The same velocity profilesin wall-coordinates (i.e. both rms vel ocity and position
are scaled by the friction velocity) are displayed in Figures 8.5 and 8.7. Eggels e al.
(1994) use a pipe with ID=95.4 mm at Re=5450, whereas these LDA measurements
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are conducted in a two-inch pipe. Furthermore Eggels et a. (1994) do not reved the
fluid they used. The comparison is demonstrated in Figures 8.6 and 8.8. Looking at
the non-scaled velocity profiles presented in Figures 8.3 and 8.4 it is evident that the
same symmetry as for the mean velocity is present. The rms-velocities are zero at the
wall and reach a maximum val ue close to the wall before they drop down to minima
in the pipe centre. For u-rms presented in Figure 8.3 it is difficult to identify the peak
very close to the wall. However, for v-rms presented in Figure 8.4, it is easier to
observe the peak. In fact, this is an important observation. LDA measurements
presented by den Toonder (1995) confirm that the pesk in u-rmsis located closer to
the wdl than that of v-rms. This becomes more evident when the rms-velocities are
plotted in wall-coordinates. The peak seemsto beat 2 = 11 for u-rms (Fig.8.5) and z°
between 60 and 300 for v-rms depending on the Reynolds number. In the work of den
Toonder (1995) it was found that the v-rms pesk was shifted to higher z* as the
Reynolds number was increased. In the present work, this could not be confirmed. For
u-rms it is difficult to observe if the postion of the pesk shows Reynolds number
dependence. den Toonder (1995) statesthat thisisnot the case. Compared to the DNS
data by Eggels et a. (1994) the measured profiles of u-rms’ in Figure 8.6 are dightly
higher from r/D = 0.33 toward the pipe centre at r/D = 0. Eggels & d. (1994) have a
peak value of u-rms” = 2.73 located a r/D = 0.46 whereas the LDA measurements
have a peak of u-rms’ ranging from 3 to 4 located a r/D = 0.49 (i.e closer to the
wall). The LDA peak is also much steeper. A part of the reason for the disagreement
may again be attributed to the poor measurement conditions close to the pipe wall, but
probably the difference in Reynolds number compared to the DNS data also have an
effect.

The same comparison for v-rms is presented in Figure 8.8. Here, the DNS data is
lower everywhere except for some of the centre measurements. The maximum value
isv-rms” = 0.83 a /D = 0.33 for the DNS data. For the LDA experiments maximum
vaues for v-rms” range from 0.92 to 0.99 and are located from r/D = 0.42 to r/D =
0.45. Thus, the magnitude of the maximum values for LDA measurements is higher

than the maximum value for DNS.
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Turbulenceintensity

The turbulence intensity in the axial direction, T(u), is calculated according to
Equation 8.21. This parameter is often used as input in CFD simulations. Figure 8.9
shows that the profiles for dl bulk veocities are quite similar. The intensity in the
pipe centre varies from 3.5 to 5% and increases monotonically to about 10% at z/R =
+/-0.9. Beyond this point a sharp increase is observed when the wal is approached
(followed by a decrease to zero a the wadl). Agan, the errors in the LDA
measurements as a consequence of poor optical conditions in this region may cause

abnormd intensities (e.g. measured u-rmsis probably to high).

Cross-moments and Reynol ds stresses

Figures 8.10 and 8.11 present the cross-moments for the three lowest and the three
highest bulk velocities, respectively. Each curve has the characterigtic linear profilein
the major part of the pipe. The crosssmoments are zero in the centre and reach an
absolute maximum close to the wal before it drops to zero again at the wal. A
straight line that intersectsthe centreis added so it fits the measurements as closely as
possible in the region where they are linear. For fully developed pipe flow the shear
stress varies linearly with the pipe radius as given by Equation 8.9. The idea of the
straight line is to extrapolate the curves to the pipe wdl to obtain the wall shear by
multiplying with the density. Table 8.3 includes the wall shears obtained from the
LDA experiments compared to wall shear calculated from the measured pressure
drops using Equation 8.12. As seen from Table 8.3, the wdl shear caculated from
pressure drops are from 8 to 20% higher. Both values for wall shear are plotted
againg the bulk velocity in Figure 8.12. The shear distribution determined by LDA is
calculated along the vertical pipe diameter and extrapolated to the wal. Some of the
deviation may be attributed to this extrapolation.

Figures 8.13 and 8.14 show the scaled cross-moments displayed in the same way as
for the vel ocity fluctuations. To obtain the Reynolds stresses the cross-moments have
to be multiplied by the density of the fluid. Since the curves of Reynolds stresses are

equal in shape compared to those of cross-moments, they are not presented for single-

-178-



URN:NBN:no-1301

An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in stratified oil / water flow

phase flow. From Figure 8.13 it can be seen that the peak in the cross-moments
distribution shows Reynolds number dependence. It is shifted towards higher z* as the
Reynolds number isincreased. For the bulk velocity of 0.41 nvs the peak islocated at
Z" =160 and for 2.04 m/s it is located at z' = 282. This observation is confirmed by
the work of den Toonder (1995). Comparison with the DNS-data of Eggels et a.
(1994) in Figure 8.14 shows good agreement with respect to the shape of the
digtribution. Although the measurements indicate lower Reynolds stresses from r/D
=0.1to r/D =0.45.

Table 8.3 Calculation of wall shear from LDA-experiments compared to pressure
drop experimentsin single-phase water.

Q [m*h] | Up [ms] Twarax [Pal*  Twipa [Pg  Deviation [%]
3.6 041 0.50 0.40 20
0.68 12 11 8
1.02 25 21 16
12 1.37 4.2 3.6 14
15 1.71 6.2 53 15
18 2.04 8.6 74 14

! Measurements of pressure drop are cal culated during the LDA experiments, and may vary some from
the pressure drop experiments presented in Chapter 7.
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Figure 8.2b Axia mean vel ocity profiles normalized with thefriction vel ocity.
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Figure 85 Axid rms profiles normalized with the friction velocity in a semi-
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Figure 8.6 Axial rms profiles normalized with the friction velocity.
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Figure 8.13 Cross-moments (u'\/')+ normalized with the friction velocity in a semi-
logarithmic plot.
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Figure 8.14 Cross-moments (u'\/')+ normalized with the friction velocity.
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8.3LDA MEASUREMENTSIN STRATIFIED OIL/WATER FLOW

In this section, measurements of the digtribution of axia mean velocity, axid and
vertica rms-velocities, axid turbulence intensity, crossmoments and findly
Reynolds stresses are presented. Gamma measurements are included to show thelocal
phase distribution. The experiments are carried out at mixture velocities that
correspond to the bulk velocities for single-phase flow. All measurements in two-
phase flow are compared to similar measurements in single-phase flow. Input water
cuts are varied between 15 and 85% in accordance with Table 8.4. It is mainly water
cuts producing stretified flow that are andysed. A minor part of the work presented in
the next sections is aso presented in Elseth e a. (2000). Further details of the
measurement procedure are described in Chapter 4. Keep in mind that the oil phaseis
less dense than water and hence it floats above the water layer in the pipe. All figures
that present LDA measurements of two-phase distributions are flipped ninety degrees
compared to the plotsin the previous section. Thisis doneto better illustrate the effect
of the horizonta two-phase flow.

Table 8.4 Experimental matrix.

Flow rate [m’/h] | Mixture velocity [mV/s] Input water cut [%]
3.6 0.41 25
0.68 25,50
1.02 15,25,40,50,60,75,85
12 137 15,25,40,50,60
15 171 25,40,50,60
18 2.04 25,40,50,60

URN:NBN:no-1301

All experiments are carried out at temperatures between 19 and 21°C.

8.3.1 Axial mean velocity digtribution for varying water cuts at constant mixture
velocity

Figures 8.15 to 8.20 present distributions of axid mean vel ocity for mixture velocities
ranging from 0.41 nV/s to 2.04 nvs. In every plot the local water fraction or holdup is

presented to indicate the position of the interface. However, thisisdone only for axia
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velocity. When other quantities are studied the plots of axia velocity have to be

consulted to see where theinterface is.

At the mixture velocity of 0.41 m/s presented in Figure 8.15, only measurements of
25% water cut are presented. The flow pattern is stratified smooth (SS) as can be seen
from thelocal phase digtribution, € (25%). The flow pattern maps presented in Figures
6.27 and 6.28 show the flow pattern for each of the experiments to be discussed. In
general, interfacial waves and droplets create poor measurement conditions. For the
case of 25% water cut no droplets or waves are present, and it is possible to obtain
measurements very close to the interface. From the figure it can be seen that the
maximum velocity is positioned in the ail phase a z/R=0.37. The postion of the
interface islocated at z/R=-0.30. Thisiswherethe loca water fractionisequa to 0.5,
which holds for a sharp interface without waves and droplets. This means that the
maximum velocity is located almost in the middle of the oil phase, dightly closer to
the wall than the interface. In the case of moddling such a system, the water |ayer
could be looked upon as a moving wadl under the ail layer, with extinction of
turbulence towards the interface. Compared to single-phase flow, sometimes referred
to as 100% water cut, the 25% water cut has a slightly higher maximum velocity, and
the didribution shows the expected higher velocities in the oil phase and lower

velocities in the water phase.

In Figure 8.16 the mixture velocity is increased to 0.68 nVs and distributions at 25%
and 50% waer cut are presented along with 100% water cut. Flow patterns are
stratified mixed (25%) and stratified smooth (50%). Again the oil phase moves faster
than the water phase at 25% water cut. What is more surprising isthat thisis dso the
case with the 50% water cut. One would think that oil, which has higher viscosity (1.6
cP) than water would flow dower than water. However, the density ratio counteracts
the viscosity effect. An andysis of the effect of the physical properties for the
oil/water system and their effect on friction and wall shear is given in the section
where measurements of Reynolds stresses are presented. The case of 50% water cut
has one velocity maximum in each phase (a smaller maximum in the water phase),
whereas the case of 25% has only one. The maximum velocities are located closer to

the interface than the wal for the case of 50% water cut while the maximum is more
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like hafway between the interface and the wall for the case of 25% water cut. The
highest velocity is measured at 25%. Compared to 100% water cut the velocity
digtribution a 25% water cut shows lower velocities in the water phase and higher
ones in the oil-phase. The velocity distribution of 50 % water cut has lower velocity
than 100% water cut in the middle of the pipe and ahigher onein the oil phase. Even
parts of the water phase seem to have higher velocities than for 100% water cut. The
flow rates are equd for single-phase and two-phase flows. If velocity profiles are
integrated across the pipe, the volume flows should be equa. Thus, if the velocity of a
two-phase digtribution is higher than for the single-phase distribution in some regions
of the pipe, it has to be lower in other regionsto preserve mass. This discussion refers
to axisymmetry about the pipe axis. In two-phase flow thisis not the case. Deviations
may be different in other planes and 3D effects are not included in these

measurements.

By increasing the mixture velocity to 1.02 mv/s as presented in Figure 8.17 severa
flow patterns may appear. Experiments at this particular mixture velocity is dso
presented as transparent graphs of LDA data together with local phase distribution on
top of pictures of the flow patternsin Section 8.3.5. At 15%, 25% and 75% water cuts
the flow is stratified mixed (SM), a 40%, 50% and 60% the flow is dratified wavy
(SW) and at 85% water cut, awater continuous dispersion with adense packed |ayer
of oil (Dw-DP) is present. All of the water cuts presented in Figure 8.17a, 15%, 25%
and 40%, have higher velocities in the oil phase and lower ones in the water phase
compared to 100% water cut. The highest velocity is measured at 15% water cut, the
second highest at 25% water cut and the third highest at 40% water cut (i.e. al two-
phase flows have higher maximum vel ocities than that of single-phase flow).

Again it is seen that the oil phase travels faster at 50% water cut (Figure 8.17b). Even
at 60% water cut, which corresponds to flow rates of 3.6 and 5.4 m/h for oil and
water, respectively, thisisthe case. At 75% water cut the maximum velocity is found
in the water phase. As for the mixture velocity of 0.68 nvs the intermediate water cuts
(40% - 60%) at 1.02 m/s have one velocity maximum in each phase. When the water
cut is85% the flow pattern is Dw-DP. It is possibleto obtain reliable measurementsin

the water phase, but the layer of oil droplets creates problems. The reason is tha the
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refractive index difference between water and ail is quite large (1.33 versus 1.43) and
the beams will refract differently. When measurements are conducted in the
continuous water phase the rectangular box around the pipe is, as mentioned earlier,
filled with water. Oil droplets that pass the intersection or control volume thus
represent disturbances in the measurements. If we try to measure the oil droplet |ayer,
oil has to be filled in the rectangular box, but then the continuous water may create
disturbances since the dropl ets are dispersed, the control volume will be subjected to
both oil droplets and continuous water in the measurement interval. Hence, the
dispersed dense packed oil droplet layer was measured with water in the box, which
means that it is probably the continuous water that is measured in the dense packed
region as well. The number of samples in each measurement position in thisregion is
very low (between 50-200) compared to the continuous region (between 10000-
25000). The only reason for presenting this distribution isthat it shows that dispersed
flows are difficult to measure with LDA without proper refractive index matching.
The 85% water cut isleft out when the other quantities (rms and cross-moments) are
discussed in relation to varying water cuts at constant mixture velocity. It is worth
noticing that the maximum velocity is 1.41 m/s at this water cut compared to 1.29 m/s
at 100% water cut. The position of the maximum velocity is just below the centre of
the pipeat ZR=-0.1.

A further increase of mixture velocity to 1.34 m/s is presented in Figure 8.18. The
flow of 15 % water cut is categorised as an inhomogeneous oil continuous dispersion
(Do-l). However, it is possible to obtain measurements in the water phase close to the
lower wall. For the rest of the water phase though, velocities cannot be measured.
This is seen as the section without markers in the velocity distribution curve. Even at
25% water cut (SM) a pat of the pipe is without measurements. The velocity
distributions at 15% to 40% water cut have one vel ocity maximum located in the ail
phase. Compared to 100% water cut, lower velocities are again found in the water
phase and higher ones in the oil phase. At 50% (SW) and 60% (SW) water cut one
velocity maximum in each phase is found (the highest in the oil phase). The
distribution in these experiments follows tha of 100% water cut in the lower region of
the pipe, but deviates from it in the middle and in the top of the pipe Compared to the

-190 -



URN:NBN:no-1301

An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in stratified oil / water flow

distributions presented a 1.02 m/s one difference & 1.34 m/sisthat 75% water cut is

inaccessibleto LDA in the oil phase and thus, it isnot presented.

At even higher mixture velocities the flow becomes more and more dispersed a the
variouswater cutstested. Only water cuts between 25 and 60 % are presented. At 1.71
/s as seen in Figure 8.19 all water cuts are stratified mixed, athough the interface at
25% water cut covers amost the whole part of the water phase. Compared to the
previous mixture velocities, the interface in each experiment is wider with more

waves and dropl ets. Otherwi se the same comments can be made.

At 2.04 m/s presented in Figure 8.20, the interface effects are intensified. The
intermediate water cuts of 40% (SM) and 50% (SM) no longer have two maxima on
the velocity distribution curve. The reason is probably that the oil and water are no
longer separated by a sharp interface because of a wavy interface and movement of
droplets from oil to water and vice versa. At 25% waer cut (Do-l) and 60% water cut
(Dw-I) about hdf of the pipeisinaccessible to LDA.

To sum up the comparison of axid velocity distribution in two-phase flows compared

to single-phase flows the following genera remarks can be made:

e The maximum velocity located somewhere on the digtribution curve is in

general higher for two-phase flow compared to single-phase flow.

¢ Intermediate water cuts of mainly 50% and 60% have one velocity maximum
in each phase except for the highest mixture velocity of 2.04 nvs.

e Theoil phaseflows faster than thewater phase for water cuts up to 60%.

¢ Regarding continuity, dl two-phase velocity distributions at a certain mixture
velocity that have higher velocity than single-phase flow in some regions must
have lower veocities than single-phase flow in other regions. However,
measurements are conducted aong the vertical pipe diameter only, and not in
other positions. This means that 3-D effects in the flow will be missed. Thus,
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when the presented distributions are compared to the axisymmetric single-
phase distributions this must be kept in mind.

As the mixture velocity is increased the number of water cuts that are
accessible to LDA becomes lower. By accessible it is meant that the entire
velocity profile can be obtained.
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Figure8.16 Axid velocity, 0.68 my/s.
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8.3.2 Rms veacity distributions

As for the axid mean velocity the distributions of rms vel ocities are presented at
varying water cuts at constant mixture vel ocity. Distributions for single-phase flow of
oil (sometimes referred to as 0% water cut) are presented dong with those of single-
phase water for comparison. Each mixture vel ocity will be discussed individualy and
in the end general remarks are summed up. The axia rms vel ocities are discussed first

and the vertical rms vel ocities next.

Axial rmsdistributions

Figures 8.21 to 8.26 present the digtributions of axia rms velocities at increasing
mixture velocities. At 0.41 m/s, as observed in Figure 8.21, it is found tha the
distribution a 25% water cut has higher rms velocities than both 0% and 100% water
cut in both the oil phase and the water phase. In generd this does not apply for other
mixture velocities. Another observation is that the rms velocity distributions for 0%
and 100% are not equal. However this is not that strange since oil and water have
different physical properties, and hence different Reynolds numbers. M easurements
of u-rms at 0% water cut are done in one haf of the pipe and mirrored about z/R=0.
The deviation is greatest in the centre and the peaks near the wall are sharper for
100% water cut. By comparing the peak values it is seen that they are in the same
order of magnitudein dl three experiments (=0.075 m/s).

At 0.68 m/s presented in Figure 8.22 it is observed two minimum values are observed
(apart from the measurements on thewall) on the distribution curve at 50% water cut.
The minimum vaues, onein each phasg, is significantly lower than what is observed
in single-phase (0.029 m/s versus 0.036 nVs). The peak values and the centre values
are quite similar for 50% water cut compared to single-phase. The same applies for
25% water cut. Another observation at 25% water cut is that the rms velocities are
lower in the water phase compared to 0% and 100% water cut. Even parts of the oil
phase have lower rms than the sngle-phase distributions, and the lowest value
appearsin the oil phase. The flow pattern is dtratified mixed (SM), and by examining
Figure 8.16 once again, it is seen that the interface for 25% water cut stretches from
Z/R~0.2 to z/R=-0.5. In this region, the rms velocities for 25% water cut do not differ

much from single-phase. Above this region, in the oil phase, the minimum value is
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found (0.032 m/s). Asfor 0.41 m/s, it is observed tha rms velocities in pure oil are a

little lower than in pure weter.

In Figure 8.23, the mixture velocity is increased to 1.02 nvs. The flow patterns are
either stratified wavy or stretified mixed. Here, deviations between single-phase and
two-phase flows become more evident. Thisis seen at 15% water cut where the flow
is stratified mixed with a broad interface. The u-rms measurements fluctuate in the
interface region and it is believed that the great extent of waves and dropl ets cause the
fluctuations. For the other two-phase flows the distribution curves are smoother (i.e.
the interface is less disturbing). In general, rms values are lower in two-phase than in
single-phase flows outside the near wall region, but occasionally peak values outside
the wall region may exceed the single-phase measurements. These pesks are not
identified exactly at the interface positions (as read from the hold-up distributions),
but they move higher and higher in the pipe as the water cut is increased. In other
words, they are probably caused by the interface. For single-phase flow the u-rms
velocity is lowest in the pipe centre (except for the values at the wall). This is a
consequence of lowest gradients in the mean veocity distribution in the centre. For
two-phase flow the u-rms values are clearly not lowest in the centre. The reason is
tha the lowest mean velocity gradients for two-phase flow are located off-centre
(depending on the water cut). At 50% and 60% water cut the axid mean velocities
had one maximum in each phase and thus it is expected that two corresponding
minimum values for u-rms exist. This seems to be the case. However, distributions of
u-rms for other water cuts have more than one minimum as well. Compared to
digtributions of axial mean velocity the distributions of u-rms are more complex. As
for the lower mixture velocities (0.41 m/s and 0.68 m/s) the measured peak vaues
close to the wall are of similar magnitude. However, measurements conducted in this

region are subjected to errors caused by refraction.

When the mixture velocity is increased to 1.34 nVs as presented in Figure 8.24 the
same observations as for 1.02 m/s are made. Again lower u-rms velocities are
measured in two-phase flows compared to single-phase flows except for occasiond
peak values. At 15% water cut the flow patern is Do-l, and as described earlier

measurements could not be obtained in the part of the pipe where droplet
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concentration is highest. Above this region, the u-rms distribution almost coincides
with that of 0% water cut. Even for the SM flow of 25% water cut, droplets at the
interface exclude measurements in a significant part of the pipe. For al two-phase
flows one minimum is found in each phase. In the odil-phase this minimum is shifted

towardsthe upper wall as water cut is increased.

When the mixture velocity is increases further to 1.71 nvs and 2.04 nVs as presented
in Figures 8.25 and 8.26 respectively, tendencies are d most the same as before. At
1.71 mV/s and 25% water cut the flow is SM, but the extent of dispersion increases. For
the previous mixture velocity it was seen that the 15% water cut experiment had a
similar digribution as single-phase oil in the top of the pipe. Now the same is
observed for 25% water cut at 1.71 mV/s. At 2.04 m/s the typical minima observed in
the water phase at the lower mixture velocities have disappeared. This is because the
oil and the water phases no longer are separated by a distinct interface. All water cuts
presented a this mixture velocity have a distribution of u-rms that is more similar to

single-phase di stri buti ons than the lower mixture vel ocities.

For the distributions of u-rms the general remarks are as follows:
e Single-phase oil and water produce approximately equal u-rms velocity

profiles.

e Two minimum values, onein each phase, are observed for severa of the two-
phase digtributions. Thisis more pronounced at lower mixture velocities. The
minima, which are significantly lower than for the single-phase measurements,
are located at positions where the mean velocity gradients are low (see

distribution curves for axiad mean vel ocity).

e The order of magnitude for the peaks close to the wdl is similar for both
single-phase and two-phase. However, due to refraction, measurement errors
are largest in this region of the pipe. For the same reasons it has not been
attempted to locate the exact position of the peaks.
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e Waves and droplets create fluctuations in the u-rms profilesif they are present
to agreat extent. These fluctuations are more pronounced than what was seen

in the distributions of axial mean velocities.

e The u-rms velocities increase as the mixture velocity is increased (i.e as

observed for single-phase flow).

-201-

URN:NBN:no-1301



An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in dratified ail / water flow

——100% —o—25% ——0%
1.0 £

0.8

0.6

0.4

0.2 ”/

[
o
Mg 5

-0.2

04 A
06 h\

05 N
10 N %z%p

0 0.025 0.05 0.075 0.1
u-rms [m/s]

Figure8.21 Axid rms-profiles, 0.41 m/s.

——100% —=—50% —o—25% —a— 0%
1.0 265

0.8

0.6 "E'd

0.4

0.2

0.0

ZR[]

-0.2

-0.4

-0.6

-0.8

-1.0

]
1]
1)

0 0.05 0.1 0.15 0.2

u-rms [m/s]

Figure8.22 Axid rms-profiles, 0.68 m/s.

-202 -

URN:NBN:no-1301



An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in dratified ail / water flow

——100% ——40% —o—25% —=—15% —+— 0%
1.0 —o

0.8
0.6 Vs
0.4
0.2
0.0
0.2 4
-0.4

ZR[]

-0.6
-0.8 £
-1.0 —A A |

0 0.05 0.1 0.15 0.2 0.25

u-rms [m/s]

Figure8.23a Axial rms-profiles, 1.02 m/s.

——100% —— 75% —o—60% —3—50% —— 0%
1.0 —E—o—

0.8

0.6 {
0.4
0.2

0.0
-0.2

-0.4 j:}g

0.6 NS

ZR[]

-

-0.8

-1.0 f
0 0.05 0.1 0.15 0.2 0.25

u-rms [m/s]

Figure8.23b Axia rms-profiles, 1.02 nmys.

- 203 -

URN:NBN:no-1301



An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in dratified ail / water flow

——100% —o—25% —=—15% —— 0%

1.0

0.8

ZR[]
o
o

0 0.1 0.2 0.3 0.4

u-rms [m/s]

Figure 8.24a Axial rms-profiles, 1.34 m/s.

——100% ——60% —5—50% ——40% ——0%

Jui}

1.0
0.8
0.6

0.4 f

0.2
0.0 =3
-0.2
-0.4
-0.6
-0.8

1.0 4
0 0.1 0.2 0.3 0.4

u-rms [m/s]

ZR[]

Figure 8.24b Axia rms-profiles, 1.34 my/s.

-204 -

URN:NBN:no-1301



An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in dratified ail / water flow

—e—100% —=—50% —o—25% —— 0%

1.0

0.8

0.6

0.4 A

0.2
0.0

ZIR[]

-0.2

-0.4

-0.6

-0.8

-1.0

0.4 0.5

u-rms [m/s]

Figure8.25a Axia rms-profiles1.71 m/s.

——100% —o—60% —=—40% —— 0%
CREO-GBE—o =

1.0

0.8

0.6

0.4

4
0.2 ?&0

0.0

ZR[]

-0.2

-0.4

-0.6

-0.8

-1.0
0 0.1 0.2 0.3 0.4 0.5

u-rms [m/s]

Figure8.25b Axia rms-profiles 1.71 m/s.

-205-

URN:NBN:no-1301



An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in dratified ail / water flow

——100% —5—50% ——25% ——0%
PR =

1.0

0.8

0.6

0.4

0.2

0.0

ZR[]

-0.2

-0.4

-0.6

-0.8

-1.0 f R =
0 0.1 0.2 0.3 0.4 0.5

u-rms [m/s]

Figure8.26a Axia rms-profiles 2.04 m/s.

—o—100% —o—60% —5—40% ——0%

1.0

0.8

0.6

0.4

0.2 i

0.0 -

ZR[]

-0.2

-0.4

-0.6

-0.8

i

-1.0

0 0.1 0.2 0.3 0.4 0.5

u-rms [m/s]

Figure 8.26b Axia rms-profiles 2.04 m/s.

- 206 -

URN:NBN:no-1301



URN:NBN:no-1301

An experimental study of oil / water flow in horizontal pipes
Chapter 8: Measurements of velocity and turbulence in dratified ail / water flow

Vertical rms
Figures 8.27 to 8.32 present the distributions of vertical rms velocities at increasing

mixture vel ocities.

Figure 8.27 presents v-rms distributions at a mixture velocity of 0.41 nVs. The
distribution for single-phase flow of oil (0%) and single-phase flow of water (100%)
are almost identical, except for dightly lower vaues in the centre region for 0% water
cut. Measurements of v-rms at 0% water cut are done in one hdf of the pipe and
mirrored about zZ/R=0. At 25% water cut the v-rms distribution is significantly lower
in the water phase and in the interface region compared to single-phase (see Figure
8.15 for position of the interface). The minimum value is 0.012 m/s at z/R=-0.37.
Close to the wall the maximum v-rms in each phase is found. In the water-phase the
peak is lower a 25% water cut compared to single-phase, and in the oil phase the
peak is higher. The postions of the peaks are easier to identify for v-rms than for u-
rms since the u-rms peaks are located closer to the wall. Comparing 25% water cut
with 0% or 100% the peak postions are found a equa Z/R, but the peak in the oil

phase is more steep for the two-phase experiment.

At 0.68 m/s as shown in Figure 8.28, the values a 0% is clearly higher than those at
100%. Again the measurements of two-phase flow display lower values in the region
between the “wall-peaks’, (i.e. in the centre part of the pipe). Both a 25% and 50%
water cut the interface creates a peak. The digtribution at 25% water cut has lower v-
rms in the water-phase than observed a 50% water cut. The opposite is seen in the ail
phase except for the peak values close to the wall. For 50% water cut the lower peak
close to the wall is dmost as high as that for 100%. Compared to 0% water cut the
upper peaks at 25% and 50% water cut are dightly higher and located closer to the
wall.

At 1.02 m/s presented in Figure 8.29, water cuts from 15% to 75% are examined. The
peaks at the lower wall become higher as the water cut isincreased. At 15% and 25%
water cut the peak is lower than for 100% water cut. At the other water cuts the peak
is higher than for 100%. The peak at the upper wall is of the same order of magnitude

for al two-phase experiments and also smilar to 0% water cut. As for the lower
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mixture velocities the interface creates a pesk in the v-rms digribution. From the
figure it is aso seen that a 15% water cut the interface is disturbing the
measurements over a larger part of the pipe than a the other water cuts. This is
because the high content of droplets and waves a the interface. The flow pattern is
classified as stratified mixed, but as seen from the distribution of the water fraction in

Figure8.17 theinterface is quite wide.

The same observations that are made for 1.02 m/s aso holds for 1.34 m/sto 2.04 m/s
as can be seen in Figures 8.30 to 8.32. Asthe mixture velocity is increased, the flow
becomes more and more dispersed. Especidly the interfaces become wider, and thus
some parts of the distribution curves are without markers (e.g. 25% water cut at 1.71
n/s and 2.04 m/s). As mentioned before the 60% water cut experiment at 2.04 m/s

contains only measurements in the water phase.

Thegenera remarks that sum up the v-rms measurements are as foll ows:

e The digtributions of v-rms displays higher values for single-phase ail
compared to single-phase water especidly outside the center region of the
pipe. The exception is the distribution a 0.41 nVs. The differences between
0% and 100% water cut are greater for v-rms than for u-rms. One reason may
be due to optica disturbances, which is greater for the beams measuring the

vertical velocity than the ones measuring horizonta vel ocity.

e The interface creates a pesk similar to that observed for u-rms. Sometimes
this result in two minima, one in each phase, at intermediate water cuts with a

sharp interface.

e For dl mixture velocities the v-rms values are lower for two-phase flow
compared to single-phase flow in the region between the “wall peaks’ (i.e.
from the center of the pipe towards each of the peaks located close to the
walls). The exception is the peak that is induced by the interface. This peak
has generadly higher v-rms vaues than both 0% and 100% at the same

position in the pipe.
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The peak in the water phase at the lower wal increases often with increasing
water cuts for each mixture velocity. In generd, the peaks are lower for two-
phase flows than for single phase flows. However, at 1.02 m/sit is higher for

water cuts above 50%.

The peak in the oil phase at the upper wall is smilar in magnitude for two-
phase flow and flow of single-phase ail.

As for u-rms, the magnitude of v-rms increases with mixture velocity for both
single-phase and two-phase flows.

Since the wall-peaks are located further away from the wall for v-rms
compared to u-rms, it is easier to compare single-phase and two-phase

measurements.

Comparison of u-rms and v-rms distributions a the same mixture velocity
reveals that the peaks close to the wdl in genera are more than three times
larger in magnitude in u-rms digributions than in v-rms distributions. Also
the peaks are located closer to the wall in u-rms distributions than in v-rms
distributions. The minimum values located closer to the center of the pipe are
more similar in magnitude, but in genera a little higher in the u-rms

digtributions.
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8.3.3 Axial turbulenceintensity distributions

The turbulence intensity, that is the ratio of u-rms to u-mean multiplied by 100%, is
calculated for the same experiments discussed in the previous sections. The resulting
distributions across the pipe diameter for the various mixture velocities are presented
in Figures 8.33 to 8.38. All distribution curves are cut off at 30%. This is because
measurements very close to the wall have low mean velocity and high rms velocity,
resulting in high turbulence intensity. The near wall measurements are also subjected
to optical disturbances. Thus, focusis set on the interface regions of the pipe (i.e. the
graphs are scaled in a manner that differences in the interface regions are reveal ed).
Thedistribution of axid turbulence intensity has a similar shape as the distribution of

axia rmsvelocity.

The digtribution of turbulence intensity for the case of 25% water cut a 0.41 m/sis
compared to that of single-phase water in Figure 8.33. The largest differenceis found
in the water phase, where the intensity is higher than in single-phase. Above the
interface the two-phase distribution approaches the sngle-phase distribution, but apart
from asmall area around z/R=0.35, it never becomes lower. The minimum turbulence
intensity at 25% water cut is 5% at that position, whereas the minimum a 100% is
4.3% in the centre. The highest intensity is found close to the wall. As seen from the
single-phase intensities presented in Section 8.2 the intensty was above 80% for
some cases. The same is observed for the two-phase water cuts, but to focus on the
interface regions thisis not shown in the graphs.

At 0.68 m/s it can be seen from Figure 8.34 that the minimum turbulence intensity at
50% water cut (3.5% in both phases) is lower than for 100% water cut (4.2%). Closer
to the wal the digributions approach each other and become amost identicd.
Similarities are higher between 25% and 100% water cut. Here, the minimum is
located in the oil phase (3.6%).

Apart from theinterface regions for each of the two-phase experiments, the intensities
at 1.02 m/s presented in Figure 8.35 are below the digtribution at 100% water cut. The
minimum is between 2.8% and 3.2% for the two-phase distributions and 3.8% at
100% water cut.
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At 1.34 nV/s shown in Figure 8.36, the minimum varies between 2.9% and 3.1% for

the two-phase flows and 3.5% for single-phase flow. Deviations from 100% increase

with water cut. For the case of 1.71 m/s presented in Figure 8.37 the minimum

turbulence intensity of dl two-phase flows are 2.8% compared to 3.5% at 100 %

water cut. Finaly, at 2.04 m/s displayed in Figure 8.38, the minimum intensity varies
between 2.3% and 2.8% for the two-phase flows whereas it is 3.4% at 100% water

cut.

Thegenera remarks are as follows:

For most mixture velocities the turbulence intensities for two-phase flow are

lower than for single-phase flow

The minimum turbulence intensity for single-phase flow decreases from 4.5%
to 3.4% as the mixture (bulk) velocity increases from 0.41 to 2.04 m/s. For the
two-phase flows the minimum intensities are lower with the exception of 25%
water cut & 0.41 m/s.

In some experiments the interface creates a peak with intensities from 5% to
10% (e.g. 50% water cut a 1.34 m/s and both 40% and 60% water cut at 1.71
nvs).

At the walls the intengties rise to values tha range from 30% to 90%. No
significant differences between single-phase and two-phase flows are observed
here, and thus to focus on the interface regions the distributions are cut off at
30 %.
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Figure8.37a Axia turbulenceintensity, 1.71 m/s.
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Figure 8.37b Axial turbulenceintensity, 1.71 nvs.
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8.3.4 Cross-moments and Reynolds stressdistributions

In this section, cross moments for two-phase flow are calculated and presented aong
with crosssmoments for single-phase flow. In Section 8.2 the Reynolds stresses were
not presented since the distributions across the pipe diameter were identica to the
distributions of crosssmoments. For two-phase flow of oil and water thisis no longer
the case. The reason is the difference in density. Thus, both crossmoment and

Reynolds stress distributions are presented for each mixture velocity.

At 0.41 m/sthe distributions of crosssmoments and Reynolds stresses are presented in
Figures 8.39a and 8.39b, respectively. When the digtributions of u-rms and v-rms
were presented it was seen that single-phase oil and single-phase water had slightly
different shapes. The differences become more evident when the cross-moments are
studied. In general, the observed peaks close to the wall are higher in pure oil (0%)
than in pure water (100%). This applies for al mixture velocities. However, when
cross-momentsin each phase are transformed into Reynolds stresses by multiplication
by the density for each phase, the height of the peaks become amost identical. And
by this observation it is time to andyze the effects that this has on the mean velocity
distributions that were presented in Section 8.3.1. Here, it was observed tha the
maximum velocity in the oil phase was higher than in the water phase for 50% and
60% water cut.

Consider the comparison between flow of single-phase oil and single-phase water.
The density and viscosity data of the liquids are 790 kg/m® and 0.0016 Pas for oil and
995 kg/m3 and 0.001 Pas for water. Hence, kinematic viscosities are v¢=2.025 10

m%s and vy,= 1.005 10°® m?/s. The Reynolds number is given by:

' (8.25)
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If we look at the Reynolds number ratio, it is inversely proportiond to the ratio of

kinematic viscosities:

Re,
Re

W

1%

= 0.4962 (8.26)

Vo
whereit is assumed equa velocity and pipe diameter.

Thewadl friction is afunction of the Reynolds number, and by the use of the Blasius
equation f=0.312 Re** in Equation 8.11 we obtain:

T -0.25
oo _ R& " Po _ 4967
Re,” p

wall,w W w

0% 7—9(5) =0.946

T (8.27)

Since this means that the wall shear stress in oil flow is lower than in water flow a
equal velocities, it is fair to assume that the oil phase in a two-phase flow a 50%
water cut should flow faster. So, based on this analytical approach the observations
made in Section 8.3.1 are explained. The distributions of Reynolds stresses that are
discussed in this section should d so verify this.

Bird ¢ al. (1960) conducted a similar anaysis of equa amounts of two immiscible
fluids flowing between two flat pardld plates. The difference between their andysis
and the one presented above is that they used a less dense, less viscous (dynamic)
fluid over a denser, more viscous fluid. Their andysis applied to laminar flows. They
concluded that the maximum mean velocity in the direction of flow was well inside
the less dense phase (i.e. above the interface, which isin the centre of the channd).
They also stated tha the distribution of shear stress was zero at the postion of the
maximum mean velocity. This was called the “plane of zero shear”. The wall shear

was lower in theless dense, less viscous phase.

In the system presented here, the oil is less dense, but more viscous than water.

However, the density ratio outweighs the viscosity ratio and the wall shear is, as
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shown above, lower in the oil phase than in the water phase. The difference in wall
shear as shown in Equation 8.27 israther small, and may be counterbalanced by other
effects such as the ahility to wet the wall. Examination of the Reynolds stress profiles
presented in the figures in the end of this section will confirm that the wall shear
ratios deviate from the theoretical predictionsusing in Equation 8.27.

Back at 0.41 m/sin Figure 8.39ait can be seen that the distribution of cross-moments
at 25% water cut is different from the single-phase distributions. This is especialy
seen in the middle of the pipe Here, the cross-moments are close to zero, not only in
the exact centre, but dso a distance away from the centre. In fact, the distribution
shows that the cross-moments sometimes are lower than zero in the upper haf of the
pipe and higher than zero in the lower half of the pipe. This is in great contrast to
single-phase flow. When the wal is gpproached, the distribution shows that the
gradient is steeper. In the 0il phase the peak is higher than in single-phase oil, whereas

itis alittlelower in the water phase compared to single-phase water.

When the Reynolds stress distribution at 25% water cut presented in Figure 8.39b is
viewed, it is seen that the differences between the phases becomes smaller compared
to the similar digtribution of crosss-moments. Thisis due to the density ratio, which is
0.8. The ratio of the peaksis 1.93 in the cross-moments distribution and 1.54 in the
Reynolds stress distribution.

The digtributions & 0.68 m/s are presented in Figure 8.40. In generd the same
observations are made. Deviations from the single-phase distributions are significant
for both 25% and 50% water cut. At 50% water cut the crosssmoments are close to
zero from z/R=-0.4 to z/[R=0.4. This means that the Reynolds stresses are damped by
the nature of the interface. The peak in the oil-phase is higher in two-phase flow than
in single-phase flow, especially for the cross-moment distributions. For the peak in
the water phase the differences are less evident. The lower peak at 50% water cut is
almost equd to the pesk in single-phase water. At 25% water cut the peaks are less

than for 50% water cut.
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When the mixture velocity isincreased to 1.02 m/s as presented in Figure 8.41 ad, dl
two-phase flow experiments show the same dampening that is observed at the lower
velocities. Depending on the position of the interface, the dampening covers different
parts of the diameter. What is worth naoticing is that the extension of the dampening is
much wider than the interface itself. For the case of 15% water cut it even looks as
though the dampening occurs above the interface. In addition to the deviations
surrounding the centre of the pipe, the same deviations as before are found by
comparison of the peaksin the oil phase. Comparing the peaks in the water phase with
respect to sngle-phase and two-phase flow reveds tha differences are present for

high water cuts. Thisis seen from Figure 8.41b or d.

M easurements at the mixture velocity of 1.34 n/s are presented in Figure 8.42a-d.
Appaently the observations are as before. However, it appears that the peaksin the
oil phase are dmost equd in single-phase oil and in the two-phase experiments,
particularly at low water cuts (Figure 8.42a or c). At low water cuts the pesksin the

water phase are lower than in single-phase water.

Measurements at the two highest mixture velocities, 1.71 m/s and 2.04 m/s are
presented in Figures 8.43 and 8.44, respectively. The flow becomes more dispersed.
By looking at the lower haf of the pipe it can be seen that the two-phase flows are
more similar to single-phase flow as that was seen for lower velocities (i.e. the
dampening effect has diminished). In the upper half large differences are still present
and the dampening is seen. However, it appears tha the zero values no longer occur

ashigh in the pipe, as seen for lower mixture velocities.

To sum up the observations above, the following applies:

e Crossmoments versus Reynolds stresses. In general the distributions of
Reynolds stresses are more similar with respect to differences between the
water phase and the oil phase. Thisis because the lower density of oil reduces
the peak in the oil phase when cross-moments are turned into Reynolds
stresses.
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Sngle-phase oil versus single-phase water. It is not dways seen that the
extrgpolated wall shear islower in the single-phase oil (0%) than in the single-
phase waer (100%). The reason may be that the extrapolation is inaccurate.
Another aspect that should be kept in mind is that the measurements are
conducted dong the vertica pipe diameter only. This means that the wal
shear is calculated only in two points on the wall. Thus, from these measured
distributions of Reynolds stresses a conclusion of the connection between wall
shear stress and fluid velocity cannot be given. (i.e. it is not that evident that
the ail phase should flow faster than water at 50% water cut as predicted in the
andysis presented above). A larger part of the pipe wal must be investigated

before afind conclusion can be made.

Interfacial dampening of stresses. The cross-moments and hence the Reynolds
stresses are damped in the regions surrounding the interfaces. Compared to
single-phase, which has zero values only at the walls and in the centre, the
two-phase di gtributions have zero or dmost zero values over alarge part of the
diameter. It seems like the interface acts like an oscillating wall, preventing
turbulent diffusion across it. This is seen particularly at mixture velocities
lower than 1.71 m/s. The dampening effect seems to be reduced at the two
highest mixture velocities. This is probably because the interface is less
digtinct and that eddies are alowed to cross it. The dampening zone is wider
than the interfacial zone. This is seen for instance at 0.68 m/s and 50% water
cut. Here the flow pattern is sratified smooth (i.e. sharp without waves and
droplets) and the interfacial zone is only a fev mm wide. Nevertheless the
digtribution of Reynolds stresses show that the zone, in which the values are

zero, isamost 20 mmwide.

u-rms and v-rms versus cross-moments and Reynolds stresses. As peaks were
observed a the interface for u-rms and v-rms the distributions of cross-
moments and Reynolds stresses are smooth. The reason is probably that the
peaks in the velocity fluctuations cance each other out.
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Wall peaks. In the upper hdf of the pipe, in the oil phasg, it is observed that
the peaks are equa to or higher than in two-phase flows compared to single-
phase ail. In the lower half of the pipe both higher and lower peaks are found
in two-phase flow compared to single-phase water.
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Figure 8.39a Cross moments (W ),0.41 m/s.

—o—100% —o— 25% —a— 0%
- ey ¥
0.8
0.4
g /
0.2 V‘/é

x 0.0

-0.2

-0.4
-0.6

-0.8

-1.0

-0.5 0.25 0.5

pu' v [kg/m s?]

Figure 8.39b Reynolds stresses (p u'v'), 0.41 ns.
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Figure 8.40a Cross moments (U'v'), 0.68 n/s.
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Figure 8.40b Reynolds stresses (p u'v'), 0.68 ns.
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Figure 8.41a Cross moments (W ), 1.02 m/s.
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Figure8.41c Reynolds stresses (p u'v'), 1.02 mys.
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Figure 8.41d Reynolds stresses (p u'v'), 1.02 nvs.
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Figure 8.42a Cross moments (W ), 1.34 m/s.

——100% —o—60% —=—50% —a—40% —— 0%

1.0

0.8

0.6

0.4

0.2

0.0

ZR[]

-0.2

-0.4

-0.6

-0.8

1.0 R
-0.006 -0.003 0 0.003 0.006

u'v [m%s?

Figure 8.42b Cross moments (W ), 1.34 m/s.
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Figure 8.42d Reynolds stresses (p u'v'), 1.34 nvs.
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Figure 8.43d Reynolds stresses (p u'v'), 1.71 nm/s.
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Figure 8.44b Cross moments (W ), 2.04 m/s.
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8.3.5 Influence on the L DA measurements by the nature of theinterface

The previous sections have shown that the interface tha separates oil and water may
create problems when it comes to LDA measurements. In this section the focus is set
on the mixture velocity of 1.02 m/s. Here, severa water cuts were measured.
Depending on the input water cut, theinterface will vary from being smooth with only

afew small dropletsto being quite wavy with ahigh concentration of large droplets.

In the figures below, u-mean, u-rms, v-rms and the crossmoments are presented
along with the water hold-up or loca water fraction. To be able to show all quantities
in the same figure the rms velocities are multiplied by a factor of 5 and the cross-
moments by a factor of 100. Also keep in mind that the pictures are instantaneous and

tha theinterface for this reason may affect a wider region of the pipe.

In Figure 8.45 the water cut is 15% and the flow pattern is dratified mixed. The
interface extends approximately from z/R=-0.8 to zZ/R=0. This is seen from either the
picture or the hold-up. The concentration of dropletsis high. Thedropletsvary in size
from about 5 mm and less (diameter). Because of the wavy nature of the interface, the
availableregion for the LDA measurementsis larger than indicated above. The reason
is that the LDA measurements are taken over a certain time interval in each position.
Thus, the flow needs only to be continuousin parts of thistime interval. As seen from
the figure the mean velocity profile is quite smooth. The main influence of the
interface is on the rms velocities and on the crosss-moments. Thisis seen asthe jagged
part of the distribution curves. Clearly, the maximum velocity in the axial directionis
located in the oil phase. Thisis also expected, since the flow rate of ail is much larger
than the flow rate of water.

When the water cut isincreased to 25% as shown in Figure 8.46, the interface shrinks
significantly. The flow pattern is ill sratified mixed, but the concentration of
dropletsis less. The droplets are now alittle larger, with diameters up to 8 mm. The
distribution of mean velocity is smooth through the entire interface. Even the other
distributions are quite smooth except from a small peak, which is positive for rms and
negative for crosssmoments, at the core of the interface. This peak is induced by the

interface but most likely as a consequence of difficult measurement conditions. It has
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probably little to do with physics. Again it is seen that the axid mean velocities are

highest in the oil phase.

Figure 8.47 displays the case of 40% water cut. Here, the flow pattern is stratified
wavy. The concentration of droplets is smal compared to the above cases. The
diameter is seen to be about 3 mm for the largest droplets. Again, digtributions are
smooth with the exception of a peak induced by the interface for rms velocity and
cross-moment curves. The highest axial mean velocity is located well inside the ail

phase.

Littleis changed when the water cut isincreased to 50% as shown in Figure 8.48. The
flow pattern is stratified wavy with dightly less droplets a the interface. Also the
largest droplet diameter seems to be less than 3 mm. Regarding the LDA
measurements it can be seen tha they are disturbed only across the interface region
for the rms velocities. At equa flow rates the oil phase till has higher maximum

velocity than that of water.

When the water cut is increased to 60% the interface is broader. From Figure 8.49 it
can be seen that droplets are dlightly larger than a 50% water cut. The flow pattern is
till stratified wavy. The peaksin the rms velocity and cross-moment distributions are
seemingly below the actual interface, but probably thisis only because of the waves.
This particular water cut impliesthat the input flow rates of oil and water are 3.6 m¥/h
and 5.4 m*/h, respectively. Nevertheless, the maximum velocity is located in the oil
phase. An explanation based on differences in physica fluid properties was given in

the previous section.

At 75% water cut, which is presented in Figure 8.50, the flow pattern has changed to
stratified mixed. The interface is wider, wavier and contains more droplets. The sizes
of the largest droplets are 7-8 mm. The dispersed regions of thiswater cut are close to
the limit of what is possble to measure with LDA under the prevailing optical
conditions. All distributions are smooth with the exception of the well-known peaks at

the interface region.
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The highest water cut which is subjected to LDA is 85%. From Figure 8.51 it is seen
tha the flow pattern is a water continuous dispersion with a dense packed layer of oil
droplets (Dw-DP). The concentration of droplets is high, and the size is5 mm and
less. The thickness of the dense packed layer is amost equal to the pipe radius.
However, droplets are seen to appear dso dmost a the bottom of the pipe. The
dispersed layer is “attached” to the upper wall and prevents continuous flow above it.
Thus, the LDA measurements are poor in dmost the entire region of dense packed
droplets. The full digtributions are shown, but in the dense packed region the number
of samples obtained is very low. Thus, the measurements cannot be trusted
statistically in thisregion.
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Figure 8.45 LDA measurements a 1.02 m/s and 15% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.
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Figure 8.46 LDA measurements at 1.02 m/s and 25% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.

—O—holdup

—[—u-mean
u-rms

—O—\-IMs

—O— cross-moments

Bl

-0.2

-0.4

-0.6

-0.8

-1.0 "
0.75 1.00

-0.50

[, [m/s],
[

m?/s?]

-0.25 0.0 1.25  1.50

Figure 8.47 LDA measurements at 1.02 m/s and 40% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.
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Figure 8.48 LDA measurements at 1.02 m/s and 50% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.
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Figure 8.49 LDA measurements at 1.02 m/s and 60% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.
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Figure 8.50 LDA measurements at 1.02 m/s and 75% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.
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Figure 8.51 LDA measurements at 1.02 m/s and 85% water cut. Rms profiles are
multiplied by afactor of 5 and cross-moments by afactor of 100.
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CHAPTER 9:
MEASUREMENTSIN DISPERSED TWO-PHASE FLOW IN THE
RIM FACILITY

9.1 INTRODUCTION

The previous chapter presented LDA measurements in dretified flow. These
measurements were conducted in a flow facility usng mode oil together with water.
In this chapter, measurements are conducted in the RIM flow facility using other
fluids. This facility is described in Section 3.2. A full refractive index matching
procedure is carried out to achieve optical accessibility to al parts of the pipe. This
procedure is outlined in detail in Section 4.4.4. The flow patterns that appear are
mainly dispersed. In addition to LDA, experiments conducted include pressure drop
and locd phase fraction (hold-up) measurements. The results from these experiments
arereported in Kvandd et al. (2000).

9.2 PRESSURE DROPS AND FLOW PATTERNS

Prior to the LDA measurements a thorough investigation of pressure drops and flow
patterns were conducted to identify the characteristics of the given fluid system. A
number of experiments were performed within the full range of water cuts, with
mixture velocities between 0.75-3.0 m/s. This screening phase was carried out to

select the experimenta conditionsfor the LDA measurements.

Analyses of the data from the traversing gamma instrument indicated that four typical
trends of locd phase distributions were observed for the fluid system. These are dl
shown in Figure 9.1, with theradid position on the y-axis and the water holdup on the
x-axis. Based on these different trends, the flow patterns are classified as follows (also

displayed in the legend of Figure9.1):

SD Streti fi ed-di spersed flow

DIH-B Dispersed flow with an in-homogenous bulk mixture
DIH-W Dispersed flow with an in-homogenous wall mixture
DH Dispersed homogenous flow
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Based on this classification afull flow pattern map was produced for dl data and this
is presented in Figure 9.2.
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Figure 9.1. Phase distribution in the cross section of the pipe.
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Figure 9.2. Flow pattern map.

Results from the pressure drop readings are presented as function of water cut in
Figure 9.3. Here, the actud oil/water pressure drop is scaled with single-phase ail
pressure drop in order to emphasise the effect of water a constant mixture velocity.

From the figure it can be observed tha the phase inversion point for the particular

- 245-



URN:NBN:no-1301

An experimental study of oil / water flow in horizontal pipes
Chapter 9: Measurementsin di spersed two-phase flow

fluid system is close to the water cut of 27%. This was confirmed with fluid sampling
during the experimentd runs. At water cuts lower than 27% the two fluids separated
quickly (within seconds) while at higher water cuts the fluids separated slowly (within

minutes).

By comparing Figures 9.2 and 9.3 it can clearly be seen tha the pressure drop is
directly related to the flow patterns. For water cuts lower than the phase inversion
point, and velocities lower than 1.5 m/s, we observe that the trends are not uniform
due to different degrees of in-homogeneity. On the other hand, vel ocities higher than
1.5 m/s show auniform trend, which is explained by a completely homogenous flow.
Between water cuts of 27 and 50%, the scatter in pressure drops between the different
mixture velocitiesislarge. This standsin great contrast to water cuts higher than 50%,
where al measurements show the same trend. The explanation for the scatter in
pressure drop isnot clear, but it could be due to the specific DIH-W flow pattern that
was observed for low velocities.

Based on this screening the god was to investigate the fully dispersed oil continuous
flow.

4.00

——U=0.75m/s
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Figure 9.3. Pressure drop versus water cut.
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9.3VELOCITY AND TURBULENCE CHARACTERISTICS

The experiments with the LDA system were performed by traversing the measuring
volume vertically through the pipe centre with a measuring grid of about 50 points.
The density of measurement positions was highest near the pipe wals as vel ocities,
rms-values and cross-moments have large gradients in these regions. Unfortunately,
the number of velocity samples in these regions was rather low compared to that is
recommended in order to satisfy the statistical basis for calculation of these values.
The reason for this is the low velocity in the wall region, which means that the
probability of receiving samples are considerably lower than in high velocity regions.
For single-phase flow the addition of small (< 10 um) tracer particles can enhance the
datarate in dl regions of the pipe, but in the case of a two-phase oil-water mixture

such particles could affect the interfacial properties of the mixture.

Theraw data from the LDA software, as used in Equations 8.19, 8.20 and 8.22, were
further scded to non-dimensiond quantities for comparisons between different
velocities and water cuts. For turbulent pipe flow it is common to scae the velocity
and turbul ence quantities with the maximum vel ocity, the bulk/mixture velocity or the
friction velocity. To produce the wall coordinates the friction velocity defined in
Equation 8.10 is used. Based on experiments described earlier this value was

calculated for each set of experimental conditions as follows:

d, - AP
u = /— /AL wv 9.1)

whered; isthe pipe inner diameter, (AP/AL ), is the recorded pressure drop and pow is

the recorded mixture density. Thus, the scaled parameters then become:

G ; \ —+ U
u" =— Vi = — u = _Ims \Y =_Ims u'v =— (9_2)
uf uf

-vu
rms rms u uf

The results from the measurements are shown in Figures 9.4 to 9.7. Data for dl the

experimental conditions are displayed in each of these figures for comparison
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purposes. Figure 9.4 presents the axiad mean velocity scaled with average mixture
velocity un , versus the non-dimensond radius darting at the pipe wall. Radia

(vertical) mean velocities are not presented in any figures, as they al were zero.

Figure 9.5 presents the local axia mean velocity in wall coordinates compared to the
well-known law of thewall (or more precisdy the Nikuradze equation). It can be seen
from the figure that all measurements except for the 22% water cut at 1.50 m/s follow
the law of the wall quite well. At z* lower than 5 some scatter is seen in all
experiments. The deviation from the law of the wall regarding the 22% water cut at
1.5 m/s case is pronounced in the whole measurement region (except for the
intersection). This parti cular velocity profileis more similar to alaminar profile than a

turbulent one.

Figure 9.6 presents the scaled rms-values for both the axia and radid velocities,
while Figure 9.7 presents the crosss-moments, which is proportiona to the Reynolds
stresses. The abscissa in both cases is the non-dimensond radius. As seen from
Figures 9.5-9.7 the data scatter islargest in the region close to thewall. As mentioned

in the previous section thisis probably due to alow sampling rate.
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Figure9.4. Mean velocities versus radid distance.
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An important observation from Figures 9.4-9.7 is that dl data sets, except for one,
follow the same trend and become admost identical when scaled with either the
mixture velocity or the friction velocity. In Figure 9.5 and 9.7 the data are compared
with conventiond theory for single-phase turbulent pipe flow and, as seen from the
figures, they seem to follow the law of the wal and the theory presented by Hinze
(1959) for cross-moments.

Only the data for 22 % water cut and a mixture velocity of 1.5 m/s do not follow the
same trend for any of the presented parameters. From Figure 9.6 and 9.7 we see that
the rms and cross-moment (Reynolds stress) values for this case are very close to
zero, which indicate little or no turbulence activity at this flow condition. In Figure
9.4 we have indicated the analytical velocity profile for alaminar flow is shown and
the reader will observe that the profile for 22% water cut is somewhere in-between a
laminar and turbulent flow. The explanation for this is not obvious. There are no
indications from the pressure drop readings that could explain this and by using
conventional methods such as back-calculating the effective viscosity based on
pressure drop one ends up with a Re number close to 20000, which is wdl into the
turbulent flow regime. However, this particular condition is very close to the phase
inversion point and the most likely explanation might therefore be connected to the
phase digtribution. From Figure 9.2 it was observed tha the flow patern changes
from SD via DIH-B to DH at 22% water cut and is aso close to the DIH-W region,
which could mean that the DH flow paternisnot fully developed a a velocity of 1.5
nVs and that the droplets are in a phase of orientating themselves in the pipe. Another
explanation could bethat local phase inversion has occurred in the pipe and that some
zones in the pipe are oil continuous while other zones are water continuous.
Turbulence will mogt likely not be transported between the continuous phase and the

droplets, and will therefore be damped out in a system with local phase inversion.
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CHAPTER 10:
CONCLUSIONS AND SUGGESTIONSFOR FURTHER WORK

The main part of this thesis has involved experimentd work in two flow facilities,
which act as modds for horizontal pipes and wells for oil production. M easurements
of loca phase fractions, pressure drops, dip ratios and velocity and turbulence

distributions were conducted.

Flow patterns and local phase fractions

A digital video camera combined with atraversible gamma denstometer was used to
study the flow patterns and the distribution of water hold-ups over the pipe cross-
section for mixture velocities ranging from 0.4 to 3 m/s and water cuts ranging from 0
to 100%.

Nine different flow patterns were identified. The flow pattern classifications are
subjective and thus, might differ some from classifications of other investigators. In
general the observed patterns fall into two classes; stratified flows (SS, SW, SM) and
dispersed flows (Do-DP, Dw-DP, Do-l, Dw-I, Dw-H). The identified flow patterns
have different distribution curves, some quite characterigtic, and thus the gamma

densitometer scans prove to be areliable method for identification of flow patterns.

Thelocal phase fraction of water is measured aong the vertica diameter of the pipe.
The distributions or profiles clearly show the position and the width of the interface
between oil and water. This is vita information when velocity and turbulence
digtributions are measured. In the work presented in this thesis, the information of
flow patterns provided by the gamma scans and the video recordings was used to

select the experiments that were suitabl e for LDA measurements.

Pressuredropsand slip ratios

The pressure drop in the horizontd test pipeis measured for single-phase flow at bulk
velocities ranging from 0.4 to 3 m/s, which correspond to Reynolds numbers ranging
from 22500 to 168900 for water (11000 — 82300 for ail). When the friction factor is
calculated from experimental pressure drop data and plotted againgt the Reynolds
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number it fits the empirica corrdations of Haaland (includes roughness parameter)
and Blasus (smooth pipes) well. Measurements in single-phase are used as

comparison to two-phase measurements.

The pressure drop in two-phase flows a the same mixture velocities as the bulk
velocities for single-phase flows was measured. The water cuts varied from O to
100%. When pressure drop is plotted as a function of water cut for the various
mixture velocities a peak is observed at mixture velocities higher than 1 m/s. As the
mixture velocity increases the peak is observed for successively lower water cuts. To
explain the peak one has to use the information from the flow pattern. It turns out that
adense packed layer of oil dropletsisformed at high water cuts. Thedropletsincrease
the mixture viscosity and thus create an increased pressure gradient, similar to what is

common to observe in phase inversion.

Effects on the pressure drops from phase inversion are not observed in any of the

experiments. Probably the mixture velocity istoo low.

The pressure drops as function of water cut for the various mixture velocities were
compared to mode predictions. The two-fluid mode was used for dratified flows.
Empirical models by Pa and Rhodes (1989) and Guth and Simha (1936) for
homogeneous flow are included for comparison with pressure drop data a some
mixture velocities. In addition to pressure drop, the dip ratios cal culated from gamma
densitometer scans are compared with the model predictions. In general the pressure
drop datafit the two-fluid model best for intermediate water cuts. For high water cuts
the model under predicts the pressure drop. The dip ratio is fairly well predicted by
the model for al water cuts. Both empiricd modes require input of the phase
inversion water cut and predict a peak in the pressure drop at this particular water cut.

These models highly over-predict the pressure drop data here.

For dispersed flows the homogeneous model was employed. In general the mode
over-predicts at low water cuts and under-predictsthe pressure drop data a high water
cuts. The modd based on concentration weighting proved to fit the experimental data
best.
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Velocity and turbulence distributions

Laser Doppler anemometry experiments are conducted on dratified flow in a mode
oil facility and on dispersed flow in a refractive index matched facility. Axia mean
velocities, axia (horizontal) and radid (vertica) rms-velocities, axid turbulence
intensities and crossmoments (Reynolds stresses) are the parameters that were
measured for sdected bulk velocities for single-phase flow and sdected mixture
velocities and water cuts for two-phase flows. The veocity ranged from 0.41 m/s to
2.04 m/s and the water cut ranged from 15% to 85% in the mode oail facility.

The measurements on single-phase flows were conducted prior to the two-phase flow
experiments. Compared with classica theory and with the recent direct numerical
simulations by Moser et a. (1999) and Eggels et d. (1994) these results showed good
agreement. The axial mean velocities fit the law of the wall well except for regions
very close to the wal, where some scattering is present in the experiments. The

deviation from the DNS datais also most evident closeto thewall.

The measurement in stratified oil/water flow showed that the velocity and turbulence
profiles are highly asymmetrica (i.e. in contrast to single-phase flow) about the centre
axis of the pipe. One of the findings was that the oil phase moved faster than the water
phase at 50% and 60% water cut. The reason is attributed to the differences in
physical properties (viscosity and density) between the two fluids. Another
observation is that the interface seems to dampen the turbulence in the flow. This is
pronounced in the distribution curves for cross-moments and Reynolds stresses. Some
of theresults are also presented in Elseth et d. (2000).

The measurements in dispersed flow are presented in Kvandd et d. (2000). A
matched refractive index system has been developed with physical properties that can
simulate a red oil and water mixture in flow behaviour. This system has a digtinct
phase inversion point and dlows flow patterns from stratified to fully dispersed. The
system has been used successfully in order to obtain velocity and turbulence

digtributions in a fully homogenous dispersed flow.
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By scaling velocity and turbulence data from the dispersed flows by the friction
velocity based on the measured pressure drop, al data merge to single-phase trends.
Only one data set, which is dose to the phase inversion point, does not follow the

same trend. This particular data set has a more laminar flow regime.

Based on the presented experimental data for dispersed homogenous flow the vel ocity
and turbulence characteristics follow a single-phase and ogy with a modified viscosity
and density for most cases. Thus, a homogenous mode is applicable with an

appropriate mixture viscosity mode.

Overall conclusion

The measurement of velocity and turbulence in stratified and dispersed pipe flow has
contributed to a better understanding on the topic. It can be concluded that LDA is
applicable for obtaining velocity and turbulence distributions in both dratified and
dispersed flows provided the optical conditions are good. However, it has to be
pointed out that the measurements are conducted on modd systems and that these

systems are asimplification of real oil/water flow in horizonta pipesand wells.

The results may be used in the development of modes and computer simulation
programs for two-phase liquid-iquid flow. Such models exis, but in general the
complexity of two-phase flows is difficult to resolve. Thus, experimental data is

important in order to verify the model predictions.

Suggegtions for further work
If any suggestions for further work should be made the following areas need more

investigation:

o |mprovement of the optical conditions in the Modd Oil Facility. Although the
optical conditions made velocity and turbulence distributions accessible for
stratified flows, the optica conditions close to the pipe wal were far from
perfect. By applying afull RIM technique to this flow facility, as done for the
facility for dispersed flow, the near wal region can be investigated with a
higher accuracy.
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Off-centre measurements. In order to obtain a better understanding of the
asymmetric behaviour of two-phase flow, measurements should be conducted
in off-centre positions in the pipe (i.e. vertica and horizontal traversing, but
along other lines than the diameter). Among other things, such measurements

will provide information about curved interfaces.

Inclined pipes. Production of oil from sub sea reservoirs often takes place in
wellsthat have inclination angles up to 10 degrees of the horizontd. The flow
pattern transtions, the pressure drop and the velocity and turbulence
distributions will most probably differ from the results presented in thisthesis

for horizonta flow.

Development of mode s that are able to simulate oil/water flow in pipes for the

various flow conditions.
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NOMENCLATURE

Roman symbols

P average pressure (Pa)
P fluctuating pressure (Pa)
Vi velocity vector m/s
ee,e,e Unitvectors ¢
n difference vector between unit vectors )
rTO unit vector in agiven direction ¢
u,v average velocities (m/'s)
u,v fluctuating velocities (m/'s)
uv Cross-moments (M)
A cross sectiond area of pipe (m?)
A atomic massin Eq. 5.4 (kg/kmol)
Ao, Aw areas occupied by oil and water (m?)
b gamma beam thickness (m)
c speed of light nv's
Co, Cu volumetric fraction of oil and water (water cut) O]
D inner pipe diameter O]
do beam diameter (m)
dr fringe spacing (m)
Dho, Dhw hydraulic diametersin oil phase and water phase (m)
d inner pipe diameter (m)
dp/dx pressure gradient (bar/m)
e roughness parameter of pipe materid (m)
e mathematical constant equal to 2.71828 )
E maximum error of estimate, Eq. 4.37 O]
E gamma energy (keV)
f frequency (s
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F(u), F(v)
fo

fo

fi

fm

fmr

fms

fo, fw

fOW

T - @

fi

Ry

S(u), S(v)
S, Sw
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flatness parameters

frequency shiftin Fig. 4.13

Doppler frequency

incident laser beam frequency

mixture friction factor (dispersions)
frequency from stationary source recorded by moving
receiver, Eq. 4.10

frequency from moving source recorded by stationary
receiver, Eq. 4.13

friction factor in 0il and water phase (Fanning’s)
interfacial friction factor (Fanning's)
gravity constant

height of interface above pipe centre
height

beam intensity of photons

local intensity of photons

incident intensity of photons

length, pipe length

refractive index

number of samples or number of counts
Avogadro number equd to 6.022E+23
number of fringes

pressure

volumetric flow

pipe radius

wave front radius

regression parameter in Eq. 7.1
Reynaolds number

friction Reynolds number

inner piperadius

oil-water volume ratio

skewness parameters

oil and water wetted perimeters
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Nomenclature

Sow interfacial perimeter
SoSy,S,z  parametersin trend line regression, Eq. 7.1
t time
T(u), T(v) turbulenceintensities
t; trangt time
u axial (horizontal) vel ocity component
u, v velocities scaled by the friction velocity
Up, Up bulk velocity
Un mixture vel ocity
Umix mixture vel ocity
Uo, Uw in-situ vel ocities or actual velocities
Uso,Usw superficid oil velocity, superficiad water velocity
Uy friction velocity
v radid (vertical) velocity component
Vy vertical projection of velocity vector
X absorber thickness
X, Y, Z axisdirections
z position
Zyp» standardized mean
Greek symbals
puv Reynolds stress tensor
o anglein Figure2.17, divergence angle Fig. 4.5
v linear absorption coefficient
Afp total frequency shift
Af frequency differencein Eq. 4.11
Afy frequency differencein Eq. 4.8
Ap pressure drop over a certain distance
day error calculated by Eq. 5.12
€ in-situ areafraction
eM eddy diffusivity
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Nomenclature

Ew

i

01, 02

kms

=

O, O«

T0

T

To, Tw
Tow

Tw

Qd

Q=100

water holdup

weighting factor

inclination angle

angl e of incidence and refraction angle
wavelength

wavel ength from moving source
dynamic viscosity

mass absorption coefficient, Eq. 5.3
dispersed phase viscosity

mixture viscosity

relative viscosity

turbulent viscosity or eddy viscosity
kinematic viscosity

pi

density

interfacia tension

mi croscopic absorption cross section
standard deviation

variance

wall shear

integra time scde

wall shear in oil phase and water phase
interfecia shear

wall shear

dispersed phase fraction

fraction of dispersed phase

fraction in Eq. 2.23

Subscripts/ superscripts

+

d
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scaled by friction vel ocity
dispersed
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Q]

Q]

(deg, rad)
(deg, rad)
(m)

(m)
(Pas)
(m/kg)
(Pas)
(Pas)
(Pas)
(ms)
(m?s)

Q]
(kg/m’)
(N/cm)
(m?¥mol)
()

()
(N/mP)
©
(N/m?)
(N/m?)
(N/mP)
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APPENDIX Al

FULL FLOW SHEET —MODEL OIL FACILITY
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