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ABSTRACT

Onset and Subsequentafnsientrhenomenaf Liquid Loading inGasWells:
Experimentalnvestigationsing aLargeScaleFlow Loop. (August2012)
Paulo Jose Waltrich, B.S., Federal University of Santa Datar
M.S., Federal University of Santa Catarina

Co-Chairs of Advisory Committee: DrMaria Barrufet
Dr. Gioia Falcone

Liquid loading in gas wells igenerally described ake inability of the wellto
lift the co-produced liquids up the tubingihich may ultimately kill the well. There is a
lack of dedicated models that can mimic the trandiegatures that argypical of liquid
loading. Improved characterization of liquid loadimg gas wellsand enhanced
prediction of future well performance can be achieved from the measurements and
analyss resulting from this project.

An experimental investigatiowascarried out testudythe onsedf liquid loading
andthe subsequent transient phenomena, using a large fima&léop to visualize twe
phase flow egimes, and to measure pressure hmaid holdup along a 42m long
vertical tube.

From this investigation, it is possible to ctrde that liquid loading should not
be characterized based on onset criteria alone, and that it may not be a vegilipore
problem, as it would seem that the reservoir also plays a key role in determining
iffwhen/how liquid loading manifests itself.

Additionally, the results from the experimental campaign were used to compare
the performance of different wellbore flow simulators. Stdtéhe-art simulators do not

seem to fully capture the nature of liquid loading in vertical tuhesmplified model is



proposed here to evaluate the liquid transgaring the transition from one flow regime

to another, during the loading sequence
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NOMENCLATURE

tube diameter, m

pressure gradient, kPa/m
liquid entrairedfraction
acceleration of gravity, mfs
liquid holdup

length over tubeidmeter ratio
gas mass flux, kg/frs

water mas$lux, kg/m?-s
pressure, kPa

probability density function
volumetric flow rate, nfh
time, s

temperature, K

superficial gas velocity, m/s
dimensionless gas velocity
superficial liquid velocity, m/s
Turner critical velocity, m/s

liquid front velocity, m/s

void fraction

liquid film thickness, mm
height difference, m
pressure difference, kPa
core density, kg/th

gas density, kgi®

liquid density, kg/m
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1. INTRODUCTION

1.1. Liquid Loading

Liquid loading is a ver common problem in mature gas fields, which is
estimated to occur in at least 90% of the producing gas wells in the(\&ken, Kees
et al. 2003. During gas production, liquid (condensate or water) can accunaildie
bottom of the wellbore, increasindownhole pressure andherefore significantly
decreasing(or even ending)gas flow. Thus a fundamental understanding of this
phenomenon is esdmely importantowardsthe design and optimization of gas wells

A simplified overview of liquidoadingphenomeann during the life of a gas well

is illustratedin Figurel1.1.
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In the early stages, the well gas rate is generally high, with low liquid content in
the wellbore. Due to natural reservoir depletion, the gas production rate decreases over
time. The associated lower gas velocity reduces treefacial friction between the gas
and the liquid phases, which in turn slows down the liquid. To honor the liquid mass
conservation principle (for a fixed liquid production rate), the esesdional area
occupied by the liquid must increase with decregadiguid velocity. The increase in
liquid content in the wellbore requires a greater bottomhole pressure to keep the well
flowing (due to the associated increase in hydrostatic pressure). This can decrease the
gas rate even further, thus initiating a cascaffect which can ultimately kill the well

1.2. Need forFurther Investigation on Liquid Loading

Associated with the liquid build up in the wellbore are common symptoms
observed in the field such as liquid slugs arriving at surface, accompanied by edatic an
sudden drop in gas production. These symptoms are often used by field operators to
recognize wells experiencirigjuid loadingproblems. Such recognition can not only be
highly subjective, but may also happen when it is too late to implement remedial
solutions. Understanding liquid loading can help develop techniques and tools to predict
iffwhen liquid loading may occur, optimize wells design accordingly, and alleviate its
detrimental effects once liquid loading starts manifesting itself

A considerable mount of studies on liquid loading in gas wells have been carried
out over the past 40 years. Many of these studies have relied on surface measurements
from the field, with the associated uncertainty that this entails, considering that several
key flow paameters cannot be measured in the field, or not with sufficient accuracy.
This is perhaps one of the reasons why currently available models cannot predict liquid
loading over a wide range of conditions. Additionally, most of the work presented to
date is lased on the assumption of steatigte or pseudsteady state flowing
conditions, although liquid loading is transient in nature, particularly when considering
the time scale for the changes in multiphase flow behavior in the wellbore, which is in
the orde of magnitude of milliseconds. Thus, transient flow approach to evaluating
liquid loading in gas wells appears to be essential



A more fundamental understanding of the mechanisms behind liquid loading also
seems to be required. There is still some insescy in the literature regarding the
description of the root mechanisms behind liquid loading, including some specific flow
regimes (e.g. churn flow) and regif®regime transitions, which can possibly be
related to the onset of liquid loading

The evoution of the flow phenomena associated to liquid loading along the
wellbore is also poorly understood, due to the limited number of experimental facilities
that allow the axial characterization of tpbase flows in long vertical tubes (L/D >
500). In theoil and gas industry, typical wells are in the order of thousand of pipe
diameters in length. Pressure varies considerably over the length of a vertical wellbore,
leading to varying axial gas velocity, which is in turn associated with varying liquid
contert along the well. The latter is in essence the liquid loading problem. Thus, being
able to characterize the axial variation of pressure, gas velocity and liquid content along
the well is essential towards a better understanding of liquid loading

A better understanding of the physics of liquid loading, together with more
reliable models, can lead to enhanced design of deliquification tools which can

significantly extend the life of the well, and consequently, increase recovery

1.3. Objectives

Based on theeedsfor research presentebove the following objectives were

establishedor the present project:

- Design and bild a dedicated large scale flow loophere are a limited
number of flow loops around the world which can be useskperimentally
characterizehe axial behavior of twphase flows. Since liquid loading is
directly related to the liquidbuild up along the wellthe use ofa long test
section (L/D > 500) is essential to properly investigate liquid loading
fundamentals.

- Axial investigation oflow regimes Since flowregimetransitionsshould be
related to liquid loading, more studies should be carried out regaftding

development intwo-phaseflows along vertical tubesThere is a lack of



studies abousomeflow regimes particularly for churn flow. Axial flow
characterizatios extremely important in gas wells because the wellbores are
usually long (more than one or two kilometers) and many times local
information/models are natomprehensivenough to describthe behavior
alongthe entire geline.

- Experimental investigation dhe onset of liquid loadingthe most widely
usedmodelto predct the onset of liquid loadingannot accuratelgvaluate
liquid loading over a wide range of condition&dditionally, some
researchers suggest that theset is directly related to tHgguid film flow
reversal, which is afeature of particular flow regime transitiors.
Nevertheless few experiments have ée carried outto investigate this
relatiorship. Thus an experimental investigation is carried oatéhto obtain
more data and correlateetlwophase flow parametevgith the onset criteria
models

- Experimental investigatiomof transientflow regime transitionsonly a few
works could be found about transient behaviorfloiv regime transitiors.
Since the onset of liquid loading an be related tothese transitiors,
understanding the transient behavior sifecific flow regimes and their
transitions seems to be one of the keys to better undersgdinlid loading
phenomena.

- Verification of the performare of stateof-the-art wellbore simulatos when
predicting two-phase flows under liquid loading conditionsiost time
engineers use commercial packagesesearch codds predict and evaluate
liquid loading. Therefore, a comparison of these modetstried out hergo
evaluate the results of susimulators when compared to experimental data

andthenverif he si mul atorsé accuracy

1.4. Structure of the Dissertation

Section2 includes a brief description of flow regasin vertical tubes, focusing
on moredetails ¢ annular and churflow patterns antheir relatiors with liquid loading



phenomendt also discussethe moded and correlationgenerally used for prediction of
the onset of liquid loadingAdditionally, modeling techniques for evaluation ajuid
loading conditions consating both well and reservoir aa¢so included irsection 2

Section3 discusses the designstrumentatiorand capabilities of the large scale
flow loop deployedhereduringthe experimentahvestigations

Section4 presats the results for the axial characterizatiomwiular,churn and
slug flows. These resultare extremely importanto understanidg how churn flow
parameterssuch as liquid holdypbehave axidy in a long vertical tube. Asvill be
described insection 2, churn flow regime is believed to be directly related to liquid
loading. Thus, the conclusions from this experimental investigation caify d@w
someflow parametergpressure and flow rates, for instan@a® correlated with the
liquid build up alamg the vertical tube.

Section5 describes the experimental investigatdrthe onset of liquid loading
It will presenthow the liquid accumulation in the vertical test section is related with the
associated flow regimes, liquid holdup, pressure, gadignid flow rates.The results
are then used to evaludtee accuracy othe currerly available models to predict the
onset of liquid loading.

Section6 presents a&omparison of experimental datdath the stateof-the-art
commercial simulator for multigse flow andwo research codes. The capabilities of
suchsimulators are verified and suggestdor further improvements in these codes are
discussed.

Section7 gives asummary of the conclusions from this work and suggests future

work towardsliquid loading studies.



2. LITERATURE REVIEW

Several works have been carried out about liquidihgadh the oil and gas
industry. However, the understanding and prediction of this phenomenon is still
considered weak. A ber comprehension of liquid loading fundameds can lead to
more effective production forecastdesign of flowlines and completions, and
remediation of wells under liquid loading conditions.

In order to understand the fundamentals of liquid loading we first have to
investigate with more detail®é basic mechanisms that occur dutiingliquid loading
processSince this process is strongly related to pi@ase flowsthe objective of this
sectionis first to introducethe basic concepts regarding tpbase flowsBesides these
concepts, a reviewf the techniques available for experimental characterization of two
phase flowss alsopresentedThis sectionalso includes discussion of the criteria used
to predict the onset of liquid loading and its relationship with thephaseparameters
A brief review of the modeling techniquggnerallyused to evaluate liquid loadirage
also discussed.

In the endof the section a summary of the condion obtained from this

literature review is presented.

2.1.Flow Regimes

Flow regimes(or flow patterns)are cfined based on the configuration tbie
phases (topology) for a given flow. The mechanisms which define the flow regime
depend on the force balance in the interior of each phadéts interfaces. The
prediction of flow regimes in a given location in &lileore is extremely importankor
instancecorrelations and mechanistic models rely om pinediction of flow regimes to
properly evaluatethe behavior of twgphase flows Figure 2.1 illustrates the flow
regimeswhich aregeneally encountered in gadsjuid flows in vertical tubesThese

flow regimes can be described as folfoidewitt 1982:



Bubble Slug or Churn Annular Wispy Annular
Flow Plug Flow Flow Flow Flow

Figure2.17 Flow regimes in gatiquid flow in vertical tubegHewitt 1982.

Bubble flow Dispersed bubbles flow in a continuous phase of liquid. The
size and shape of these bubbdiepend on how the gas phase is injected in
the liquid phase. This flow regime occurs for high liquid velocities and low
gas velocities.

Slug flow. As the relative gas content is incregsédbble coalescence
occurs, and elongated bubbles (Taylor bubblk® created. The Taylor
bubbles flow upward with a liquid film flowing downwaedoundthe Taylor
bubbles. $parating the Taylor bubbledquid slugs flow upwards with
dispersed bubbles. Although there is a falling film, the net liquid fl®w
upward.

Chun flow: The gas phase flows upward, and the ligpichsepresents a
chaotic (oscillatory) flow. The gas velocity for this flow regime is not high
enough to carry the liquid continuously upward. The liquid is transported
upward through large wavedhe liquid generally exhibits several gas
bubbles entrained in the liquid filnMore details abouthis flow regimeare

presented later in thiection



- Annular flow: The liquid flowscontinuously upwar@s a thin liquid film on
the wall ofthe tube, and the gdkws in the core together with entrained
liquid droplets.The gasliquid interface exhibit disturbance waves, which
usually travels faster the liqusubstrate These waves are described in the
literature to be one of the sources for the formation ofitfued entrainment
as droplets in the gas corehere small droplstare created by thehear
process on the tip of the wavé3as bubbles can also be found trapped in the
liquid film, but they are usually in lower levels than encounter in churn flows.
More details about this flow regime will also be discussed later in this
section

- Wispy annular flowAs the liquid velocity increases, the ligditin becomes

thicker and the droplet coalescence of liquid leads to large lumps or streaks
(wispy) of liquid inthe gas core.
The occurrence of flow regimes in typhase flows can behartedin a flow
regime map. The flow regimes are represented in the chart as regions, where the
coordinates are very often the superficial velocities (nmegthe velocity of each @se
if they are flowing alone in the tube) or combined parameters which include these
velocities. An example of this type of flow regime map was developeddéwitt and
Roberts (196§ as illustrated ifrigure2.2. This map wagreatedwith experimentatiata
for air and water dbw pressureandfor air and steam dtigh pressure
It is important to mention here that the flow regime maps are merely a guide to
indicate approximate boundesi for the transition between the flow regimes described
The transitions depend upon more complex physical interactions between the phases and
thus, specific models have to be developed to determine each transition bolihdaey.
maps should be generallysed within the range of pressure and phases velocities in
whichtheywere developed.
The flow regimsthatcan be encountered before and just after the onset of liquid
loading are believed in this work to be strongly related danular and churn flow
regimes (as it will be described later in this sectidrt)ereforean adequatdescription

of both flow regimes should be the first step to develop praopelerstandingto



investigate liquid loading problems. Barba2®01) presented a review dhe studies
about these regimes and their transitidmsorder to point out thenajor features of
annular and churn flosvin the literature, eeview of the main studieshich characterize

both flow regimesrepresentechext.
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2.2. Annular Flow

Annular flow is described asgas phase flowing in the core of the pipe, with the
liquid phase travelling as droplets within the gas core and a thin liquid film flowing on
the wall. A more precise schematic representation of the distribution and interaction
mechanisms between the phaga ccecurrent upward annular flow is presented in
Figure2.3.

As can be seen ithe figure the gas phase flows mainly in the core but it is also
present in form of bubbles in the liquid film. The entrained gas bubbles aredfénone
the breakup of the waves of the liquid film and liquid droplet deposition. These trapped
gas bubbles can be easily observed in the work of Schubring 20 H).

The liquid film can be briefly described as a rough liquid layer next to the pipe
wall. The film present waves of different lengths and amplitdegopardi 199Y. The
waves are related to the gas core velocity, which act on the interface between the gas
core and liquid film through the interfacial shear stress.

In the liquid droplet field, we can identify three main mechanisms:

- Droplet entrainment mechanisnliquid droplets are created from the wall
film. The action of the gas core can bragkthe tip of the waves, creating
small droplets.

- Coalescencedroplets tavelling in the gas core at faster velocities collide
with the slower droplets just created from the wall film. The droplets then
merge and form bigger droplets.

- Deposition droplets travelling in core can be deposited in the liquid film,
once these dropts can have random travel directions and often hit the wall
film.

Azzopardi(1997 has done an extensive study regarding drops in annular two

phase flow.
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Figure2.31 Schematic representation of distribution and mass transfer mechanisms between the phases in

amular flow.

There is still a considerable disagreement in the literature about the physics and

the transitionto/from churn flow regime. One of the reasons for this confusion is the

similarities in thephasé slistribution betweenchurnandanndar flow. In churn flow,

the distribution of phases is the same a$igure 2.3 (which is for annular flow

However, the characteristics of the mechanisms in churn flow are considerably different

when compared to annular flowh& main differences between these two flow regimes

are as followgBarbosa 200t

- Hewitt et al. (1985 carried out an experimental investigetifor annular

flow for the region of minimum pressure drop gradient for Figure 2.4.

From their visualizations, using a dye tracing was possible to establish the

mechanisms of churn flow, as shown Rigure 2.5. Liquid is transported
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upwards in the film on the wall by large waves. However, behind these
waves, there is &in film that flow downwards. &t of the downward film

flow is then picked up by the following large wave. According to the authors,
this downward flow (called flow reversal) begins to occur in churn/annular
region forUgs* £ 1. The dimensionless gas velocity presented in the figure is

given by,

1/2

. e r 7]
Ugs =Ugeeg——S—— (2.1)
S T80 (r, - o)y

A breakdown of the slugs occurs between the transition from slug to churn
flow, which intensiies the interfacial friction, increasing consequently the
pressure gradient, as showm Figure2.4.

After the dimensionless gas velocity reacbigg = 0.4, the pressure gradient
starts to decrease, due ttte decreasing intensity of ghguid interaction

The pressure gradient then begins to increase again as annular flow is
approackd due to higher levels of friction as consequence of elevated gas

velocities.
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- As described earlier, the main droplets creation mechanism is the action of
the gas core on the liquid film waves. As large waves araddrin churn
flow, higher levelsof entraimentare epected to be found in this flow than
in annular regime. Therefore, as can be seerFigure 2.6, the liquid
entrainment fraction decreases with the increase of the dimensionless gas
velocity (0.6 <Uget < 17 churn flow). ForUgg © 1 (e. g. , annul ar
liquid entrainment fraction starts to increase again, but this effect is due to
change in mechanism of droplets creation as described by Azz¢paed),
from O0bamd breadkl i gament tearingd of t he
A relatively large amount of work has been done about annulartfidvenly a
few can be found about churn flow mechanisms and modeling (Hewitt €t985);
Govan(1990; Barbosa(2001); Da Riva and Del Co{2009). Once liquid loading may
occur within churn flondue to the flav reversal further studies in this areems to be

neededo a better understanding of liquid loading phenomena.
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Figure2.6 1 Liquid entrainment fraction as a function of dimensionless gas vel@ziposa et al. 2002

2.4. Experimental Characterization of Annular and Churn Flows

Modeling of annulaand churnflows requires prediction of many mechanisms,
such as interfacial phase interactidinguid film velocitiesand gas entrainmengjroplet
deposition and entrainmenv¥ery often techniques have to be specifically design to
capture the uniquéeaturesof these two flow regimes. Therefore, the next sections
present some of the studies that have been carried out which designed experimental
techniques to measure liquid film thickness and liquid entrainment in churn and annular

flows.
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2.4.1. Liquid film thickness

Most of the mechanismm annular and churn flovare related togasliquid
interfacial structure changing with time and space. Thereforgccurate method to
predictandmeasure liquid film thickness as function of time apdc®it is crucial for
understanding the basic behaviotloése flow regimes

Belt (2007 developed a time and spatially resolved measurement technique of
the film thickness in twgphase annular flows. The basic concept «f technique is to
measure the electrical potential between two electrodes in contact with a liquid film. As
the conductivity changes with the thickness of the liquid film, it is possible to correlate
the potential change witthe film thickness. This teatique has been extensively used in
the past{Coney 1973 However, Belt improved the application using a radial and axial
distribution of the electrodes. The concepbnsistsof havinga sries of electrodes
flushed to the pipe wall (sdegure 2.7). Using this type of electrodes distribution, an

image of the film thickness can be generated, as shofigume?2.8.
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Figure2.71 Conductiviy probe used by Be(®2007).
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Figure2.87 (a) Three dimensional representation of the liquid film. (b) Consecutives snapshots of the
liquid thickness measuremepbtained byBelt (2007). The film is flowing from left to right, and the pipe
is open (the top and bottom are in contact) for easy visualization.

Although this technique can be used for fast transient and small thickness of the
liquid film (200 >m), there is one main disadvantage: the maximum film thickness that
can be measured corresponds to the distance between two consecutives electrodes
(Coney 1973 Therefore, in order to measure higHevels of film thickness, he
electrodes have to be more spaced, hence losing spatial resolution for the measurement.
In other words, a single geometry sensor cannot cover wide ranges of gas and liquid

flow rates. Howevemany sensors with different electrodes spacing can be plateel
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pipe to overcome this problersincethis type of sensor does not impose any kind of
flow disturbanceneither upsteamnor downstream to the sensor

The other problem that may interfevdth this technique is the presence of
bubbles in the liquidiim. According to Belt(2007), the bubbles in the liquid film only
become big enough to interfere in the measuremesuperficial gas velocities smaller
than those at which flow reversal starts.

Nevertheless, sonmaethod which canaccount for the presence of bubbles in the
liquid film measurements can be applied. Schubring ef28l10 presented raoptical
technique to measure liquid filmmickness in annular flow using Planar Latstuced
Fluorescence (PLIF). A schematic of the test section used by these authors is presented
in Figure2.9. The authors used a Nd:YAG Laser to generate a sheet of light (allowing
investigation of small portion of the flow), and a CCD camera perpendicular to the laser
plane to capture the imagestbk liquid film. A fluoresent material was added to the
liquid phase to enhance the contrast between the gas and liquid phmmsesing the
identification of the gas/liquid interface. In addition, they developed an imaging

procedure algorithm to process the imagegproduce film height distributions.
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Figure2.97 (a) Test setion set up for liquid film measurement using PLIF, and (b) images and film
thickness distribution. The red lines show the processed film height by a imaging MATLAB code
(Schubring et al. 2030
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As can be seen froffigure2.9b, the images obtained by this technique generate
a reasonable picture of the film thickness distribution (red lines in the figure). Also, we
can easily see the presenceeVeral bubbles entrained in the liquid film. This technique
takes into account the presence of these bubbles in the film thickness measurement.

Although using an optical approach can consider entrained bubbles (which is not
possible for conductivity pras), the identification of the gas/liquid interface by PLIF
also presents some disadvantages related to the presence of large bubbles in the film. As
can be seen in the last two picturesFafure 2.9b, some blurred bubbles thatea
probably out of the laser plane make the identification of the interface more difficult.
However, the authors carried out an uncertainty analysis and concluded that the total
uncertainty for the average film thickness is betweer235m (e.g., around &25%
relative to the measurements

To measure the bubbles entrained in the liquid film, Rodriguez and @@
useda backlight imaging technique for adiabatic\aater horizontal annular flow. The
set up consists of a CCD camera, a light source with a diffuser, and a digital image
processing algorithm (NI IMAQ Vision Builder V6.0) to isolate the bubbte the

images as presented iRigure2.10.
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Figure2.107 (a) Backlight technique set up, and (b) images processing steps for bubbles identification
(Rodriguez and Shedd 2004
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The main disadvantage of this technique is the presence of disturbance waves
that are intermittently present in annuldow. When these waves pass through the
section being recorded, the images do not provide enough contrast between the liquid
film and the bubbles, as shown kgure 2.11. Therefore, this technique can only
evaluate the entraidebubbles for flow conditions that do not have the presence of

waves.

8 bit Grayscale

Thresholding

Circles .

Figure211iBu b b |l e sobsbueed n pyfidi st ur bance waves (Rdidrfgmez usi ng ba
and Shedd 2004

Farias et al. (20)2proposed some enhancements of the technique described by
Rodriguez and Shedd (2004Their techniquecould obtain longitudinal and cress
sectional measurements of the liquid film. The optical set up for the-sectisnal

measurements is shownhkigure2.12.
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Figure2.127 Optical set up developed IRarias et al. (20)Zor the cosssectional measurement of the
liquid film in horizontal annular flow

2.4.2. Liquid entrainment

A considerable amount (up to 4096eeFigure 2.6) of liquid mass flux can be
found as entramentin the gas core in churn and annullws. The entrainmentcan
play an important role in the studychmvaluation of twegphase flows.For instance,
some mathematical models rely on correlations for the entrained fraction as closure
relationship.Neglecting theentrainmenton churn and annulaitows can imply, for
instance, in considerable errors in the pressure drop calculations for these types of flows
(Bendiksen et al. 1991Therefore, investigations regarding the entrained liquid are an
essential part in the description of churn and annularsflow

Barbosa et al. (2002presentedan experimentalinvestigationfor the liquid
entrainment fraction for the transition region between churn andlanflow. The
authors usedraisokinetic probeo measure the local distribution of gas and liquid mass
fluxes. A schematic diagram of this probe is illustratedrigure 2.13. An empirical
correlation was proposed from the espeental results for thdraction of liquid

entrainmentin %), whichis given by,

e, =0.95+34255d. fL—:; 2.2)

I's
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whered andd are the liquid and gas mass fasxanddy is the tube diameter. Eq.
(2.2) is valid for 0.9 Uget < 1.3, 11 <6 < 334 (in kg nfs™), 1.33 < p < 5.2 (in bara)
and 0.0127 <y < 0.0508 (in m).

H q
= O

T

2 /Key to camponenrs:\
1. Air rotameter
2. Gas-liquid separator
3. Vent
4. Differential pressure
transducer
5. Liguid collection
vessel
\6. Isokinetic probe J

flow
direction

Figure2.137 Schematic diagram of the isokinetic probe use@#rposa et al. (20020 meaure the
entrained liquid fraction in churn and annular flow

Their results also show that the pressure gradientrenlijuid entrainedraction
exhibit a minimum neady & 1 . They concluded that this ©b
the process of creath of the droplet entrainment (from the bregk of the waves
present in churn and annular flows).
Westende et al. (20DTsal a Phase Doppler Anemometry (PDA) technique to
measure the entrained dropsite and dropletelocity at 15 locations in the tuzeoss
section for churn and annular flow conditiofifie main conclusion from their results
wasthat forchurnto-annular fow conditions only 0.4% of the droplet were moving at
low velocities (< 3 m/s), and the droplet sizes were much smaller than pddaydhe
Turner et al. (196Qcriterion (which is the most widely used model to predict the onset
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of liquid loading in the oil and gas industryyccording toTurner et al. (1960 atthese
condifons most of the droplets would be expedto move to velocities close to zero.
Thus, more experimental studies seem to be eteaéd this area to clarify this

inconsistency.

2.5. Phase Faction Measurement Techniques in TwePhase Flows

Phase fraction is a mliensionless quantity relating the volume of one of the
phases to the total volume occupied by all phases. Commonly, void fraction is the term
used to refer to the gas phase, and holdup is the one to refer to the liquid phase. The sum
of void fraction and iquid holdup must be equal to unity, hence, if one of these
parameters is known the other one can be directly calculated.

The measurement of void fraction is essential in multiphase flow systems. This
guantity is the key to determine numerous parametets &8 mixture densitgffective
two-phase flowviscosity, in-situ velocities, prediction of flow regimes, and others.
Falcone (2009 presentedan extensive review of multiphase flow metering, which
includes void fraction transducers. Si2008 carried outan extensive review of many
types of impedance void fraction measuent techniques applied in multiphase flow
systems.

A description of the main type of sensors presenteBabgone(2009 andSilva
(2008 are given next.

2.5.1. Conductivity and capacitance probes

A common technique to measure void fraction, especially in research betause
its low cost and simplicity, are the -salled electrichconductivity and capacitance
probes. The basic idea behind both types of probes is to place electrodes in the perimeter
of the pipe and measure the impedance between the electrodes, which can be related to
the void fraction inside the pipe. For conduityivorobes, electrodes are flushed in the
inner wall of the pipeKigure2.14a) in order to measure the conductivity of the media

inside the pipe. Hence, this technique requiaesontinuous phase which conducts
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electricity ands in contact with the wallThe dispersed phasannot conduct electricity
The capacitance probes do not require conducting phaseshéyaran be placed in the
outer perimeter of the pip&igure2.14b), and be applied, for exwple, for oil/gas flows.
The capacitance probes measure the capacitagtoeeenthe electrodes, which makes

possible to deduce the void fraction in the pipe.

full-ring
electrodes

(@ (b)

Figure2.147 (a) Conductivity andb) capacitance probgSilva 200§.

The two techniques described above are relatively easy to implement and have
been widely used in research. As shown by Chun and §L88§), the accuracy for
capacitance ransducers technique is within the range of +10% for different flow
regimes. However, as can be showirigure2.15, these authors did not test high level
of void fraction (95% or more). In their experiment the highest testee far void
fraction,U did not exceed 80%.

The main disadvantage of impedance probes shoviigure 2.14 is that these
sensors can only provide measurements of average void fraction for the cross section

area of the pipe, not providing the crosstismal distribution of the phases.
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Figure2.157 True value against measured value using a capacitance probe for void fraction for different
flow regimes and electrode positig@hun and Sung 1986

The review made by Silv@008 also included some types of impedance sensors
to measure local distribution of void fraction through the cross sectional area of the pipe.

More specifically, Silva has paia special attention to one of them: thecatied wire
mesh sensors.

2.5.2. Wire-mesh sensors

Wire-mesh sensors are flow imaging devices that allow flow visualization of
multiphase flows with high temporal and spatial resolution. A recent review Hissa

type of sensors have also been carried out by Pr4d260€. The conceptand results
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exampla of this type of sensor apgesented ifrigure2.16 andFigure2.17. Wire-mesh
sensors basically consist of two sets of wires spaced axially, which measures the
conductivity of the conducting phase. One set is composed by the parallel transmitter
electrodes and the other one have parallel receiver electrodes. The sets are placed
perpenicular to each other and their planes are also perpendicular to the flow main
direction. The sensors electronics measures the local conductivity in the gaps of the
crossing points of all transmitter and receiver wires at a high repetition rate. Cormgsiderin
a twophase flow using air and water, the later is considered the conducting phase and
air the norconducting phase. Hence, the measurement of low conductivity between the
transmitter and the receiver grid indicates the presence of the gas phase,anttodnc

give a void fraction distribution along the cross sectional area of the pipe. A more
detailed description of wirenesh sensors principles and measuring techniques can be
found in Silva(2008.

Transmitter

Gas Bubbles electrodes

Receiver
electrodes

transmitter
circuit

receiver
circuit

- —

Pipe

Figure2.161 Wire-mesh sensor concef&ilva 2008.
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Figure2.171 Wire-mesh sensor measurement result exart§ilea 2008§.

The main advantages of wireesh sensors atke low cost and easy installation
when compared with other techniques capable of measuring void fraction distributed
along the cross section area of theepffpmographic flow imaging), such asrXy and
Magnetic resonant imaging (MRI).

The disadvantages of wiaesh sensors are its intrusiveness,-toderance to
presence of solid particles in the flow and difficulties to be deployed in flows with high
void fraction (for instance, annular flows). The intrusiveness effect was investigated
(Silva 2008 and the results have shown that the mesh only affects the flow downstream
to the sensors. For industry applicatiadhs is a small drawback, once gneers are
usually interested ni measung the void fraction, regardlessf the disturbance
downstream (unless there is an excessive pressure dragh ig/mot the case)On the
other hand, for research purpssthe intrusieness of wirenesh sensors can be a
considerald disadvantage. Many researchésspecially in the present work) are
interested to carry out investigat®af void fractiors in various different locations of
the pipe simubneously. Therefor@nce we plac®ne wiremesh sensor; the flow will
be disturbed downstream to the first sen$bis would not be aonsiderabléssue if the

investigators could work with only one measurement for each experimental run.
































































































































































































































































































































































































































































































