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Summary

The offshore petroleum industry is experiencing challenges as exploration and production are
forced towards remote and deeper reservoirs, combined with high cost-efficiency demands.
Topside facilities struggle with limited space, and use of subsea processing equipment is in-
creasing. Here, separation systems play an important role and has potential for improvement.
Cyclonic separators are often referred to in association with compact separation systems. How-
ever, other types of separators have the potential of achieving compact designs.

In order to meet rising challenges in the industry, this project involves an analytical- and ex-
perimental study, seeking alternative or improved compact separation solutions. To define the
state of existing technology, the analysis involved studies of fluid dynamic theory, gravitational
and centrifugal separation principles, and "state-of-the-art" separators and concepts. The ob-
jective with the experimental study was to investigate separation capabilities for a less common
centrifugal principle, using helically coiled pipes.

The results of the analytical study implied that most compact systems utilise the centrifugal
principle. Factors promoting the helical coil principle were defined. This included a simple
pipe structure, excellent pressure-containment abilities, and previous helical coil experiments
showed promising phase distributions. However, achieving stable phase distributions to allow
separation seemed sensitive to variations in flow rate and coiled pipe geometry.

The experimental study featured an air-water flow in a helically coiled pipe. The flow in the
coiled pipe was photographed for a range of air and water flow rates, different numbers of loops,
and different curvature radii. Images indicated that above certain air flow rates, the coiled pipe
caused transition from stable to unstable phase distribution. Unstable phase distributions were
typically recognised as plug or slug flow. The effect of having more than one loop in the coil
reduced the air flow rate at which unstable flow developed. The effect of shortening the cur-
vature radii increased the air flow rate that caused unstable flow. In other words, the helical
coil achieved best results for short curvature length, either by minimising the number of loops
or reducing the curvature radius. These measures indirectly caused a higher flow rate, because
shorter curvature length reduces the frictional pressure loss. In addition, shorter curvature ra-

dius and higher flow rate increase the centrifugal effects.



A different observation was that despite maintaining a favourable phase distribution through-
out the coiled pipe, an instant transition to unstable flow could occur at coil outlet. This indi-
cated that the stable distribution may not sustain downstream of the coil. The level of similitude
between the experimental flow and a hypothetical full-scale gas-liquid flow was analysed. The
analysis indicated that the experiment could suffer from scale-effects, because viscous- and sur-
face tension forces become significant at small scales.

The experimental study gave indications on separation capabilities, as achievement of stable
phase distribution was possible for certain coil configurations and flow rates. However, the nar-
row operating range, and possible errors in the experiment, brought uncertainties to whether a
full-scale helical coil could achieve phase separation. Hence the results in this thesis could nei-
ther prove nor disprove the helical coil as a phase separator. More comprehensive research is
required to determine the separation capabilities. Recommendations for further work include
larger experimental dimensions to reduce scale-effects, and using fluids that improve similari-

ties to hydrocarbon flows.
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Sammendrag

Petroleumsindustrien star overfor nye utfordringer nér leting og produksjon rettes mot fjernt-
liggende og dypere reservoarer, kombinert med strenge kostnadseffektiviseringskrav. Plattformer
sliter med begrenset plass, samtidig som bruk av subsea prosesseringsutstyr gker. Separasjons-
systemer spiller en viktig rolle i prosesseringen og har potensiale for forbedringer. Syklon-
separatorer blir ofte nevnt i forbindelse med kompakte separasjonssystemer, men andre sep-
aratortyper kan ha potensiale for & oppna kompakte design.

For d mate de okende utfordringene i bransjen, involverer dette prosjektet en analytisk- og et
eksperimentelt studie med mal om & finne alternative eller forbedrede kompakte separasjons-
lesninger. For & definere hvor langt utviklingen av eksisterende teknologi var kommet, ble det
utfort studier pa fluiddynamikk, gravitasjonsseparasjon og sentrifugalseparasjon, og "state-of-
the-art" separatorer og konsepter. Mélet med det eksperimentelle studiet var 4 undersoke hvor-
vidt stromning i spiralformede ror hadde egenskaper egnet for separasjonsformal.

Den analytiske delen av prosjektet gjorde det forstatt at de fleste eksisterende kompakte sep-
arasjonssystemer benytter sentrifugalprinsippet. Videre ble det definert faktorer som fremmet
bruk av spiralformede ror som separatorer. Deriblant enkel rorkonstruksjon, evner til 4 téle hoye
trykkforskjeller, og at tidligere studier hadde oppnadd lovende fasefordeling i spiralformede ror.
Men det ble understreket at gunstig fasefordeling kun var mulig innenfor sma variasjoner av
stromningshastigheter og for visse spiralgeometrier.

Det eksperimentelle forseket gikk ut pd a fore en vann-luftstromning i et spiralformet ror.
Stremningen i roret ble fotografert for varierte luft- og vannstremningshastigheter, forskjellig
antall spiraler, og forskjellige krumningsradier. Bildene viste at for luftstremning over et visst
nivéd kunne spiralen forarsake overgang fra stabil til ustabil fasefordeling. Ustabil fasefordeling
ble gjenkjent som vekslende luftlommer og vannplugger. Effekten av & eke antall spiraler var
at ustabilitet oppstod ved lave luftstromningshastigheter. Effekten av & redusere krumningsra-
dien gjorde at det krevdes hoyere luftstromningshastigheter for at ustabile stremningsmenstre
skulle oppstd. Dermed ble best fasefordeling oppndadd for korte spiralror, enten ved & minimere
antall spiraler eller ved & redusere krumningsradien. En bieffekt av konfigurasjonen med kort

spirallengde var hoyere total stremningshastighet, fordi kortere spirallengde gir lavere
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friksjonstrykktap. I tillegg gir kortere krumningsradius og hegyere stremningshastighet storre
sentrifugalkrefter.

Det ble ogsé observert at stabile stromningsmenstre som ble opprettholdt gjennom hele spi-
ralen, likevel kunne forandres til ustabile mgnstre umiddelbart etter spiralen. Dette indikerte at
stabil stremning i spiralen ikke nedvendigvis vedvarer nedstroms. Til slutt ble det analysert
i hvor stor grad den eksperimentelle luft-vannstremningen kunne forestille en hypotetisk full-
skala gass-vaeskestromning. Resultatene antydet at eksperimentets kvalitet kunne lide av skaler-
ingseffekter, hovedsakelig pa grunn av at viskese krefter og overflatespenninger blir betydelige i
sma ror.

Det eksperimentelle studiet gav indikasjoner pa om spiralformede ror hadde egnede egen-
skaper. Oppnadelse av stabil fasefordeling var mulig for bestemte spiralkonfigurasjoner og stromn-
ingshastigheter. Men det smale suksessomradet, og mulig innvirkning av skaleringseffekter,
bringer tvil om hvorvidt en fullskala spiral kan oppna ensket fasefordeling. Dermed kan dette
prosjektet verken bevise eller motbevise potensialet for det spiralformede roret som en fasesep-
arator. Det kreves mer omfattende forskning for & avgjere spiralprinsippets egenskaper. Ut fra
dette prosjektets erfaringer anbefales det & gjennomfore eksperimenter med storre dimensjoner
for & redusere innvirkning av skaleringseffekter. I tillegg kan andre fluider utnyttes for 4 forbedre

stromningens sammenliknbarhet til fullskala gass-vaeskestremninger.



Nomenclature
Symbol Description Unit
a Centrifugal acceleration m/s?
Cross-sectional area m?
d Pipe inner diameter m
De Dean number -
Fr Froude number -
Gravitational acceleration (9.81 m/s?) m/s?
p Pressure bara
q: Liquid flow rate [litres per minute] I/min
dg Gas flow rate [litres per minute] l/min
Jrot Total flow rate [litres per minute] 1/min
r Radius m
Re Reynolds number -
R Curvature radius cm
T Temperature °C
U Terminal velocity mls
v Velocity m/s
v Average flow velocity m/s
Vi Liquid superficial velocity mls
Usg Gas superficial velocity mls
X Particle diameter m

ix



Greek symbol  Description

Unit

S R

T T > A

Void fraction

Curvature ratio

Dean number (other defintion)
Linear scale ratio

Viscosity

Density

Density of soild(s)

Angular velocity

cP

kg/m®

kg/m3

1/s
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Chapter 1

Introduction

1.1 Background

Challenges arise when separators are utilised in the petroleum industry. Offshore topside fa-
cilities struggle with limited space, subsea developments encounter difficulties when reaching
ultra deep depths, and marginal fields require cost-efficient solutions. Conventional gravity set-
tling separators are of inconvenient size, heavy weight, and high cost. These factors make them
unattractive for developments with limited space, high ambient pressure, and low total revenue.

The need for compact separation systems is present. Several compact separation systems
have been developed, where the majority utilise high centrifugal forces to separate fluids, so-
called cyclonic separators. The cyclone principle is proven in the field for a variety of applica-
tions, although there is potential for improvement.

Possible benefits with subsea separation systems are increased total recoverable reserves,
enhanced flow assurance, and being one step closer to elimination of surface host facilities.
However, issues like ambient pressure, maintenance, and extensive intervention have to be ad-
dressed. This is where compact separation technologies have their advantages, featuring sim-
ple, small-sized, pressure-robust structures, which may require less maintenance and ensure
simple intervention.

A less common solution for separation purposes is the helical coil principle. Helically coiled
pipes can apply high centrifugal forces to flowing fluids. The question is whether the helical

coil can achieve phase separation, similar to the cyclone separators. Research on the princi-
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ple exists, and results indicate that it has potential, yet no commercial products utilise helical
coils for separation. The indications from existing research, and possible benefits as a compact

separator, form the background for including helically coiled pipes in this project.

Problem Formulation

In order to contribute to the development of compact separation systems, the project group
should investigate "state-of-the-art" systems. This includes existing technologies, patents, and
developing solutions. To enhance the analysis of found systems, basic physics of fluid behaviour
and separation principles should be addressed. A small number of studies examine the princi-
ple of utilising helical coils for separation purposes. It is desired to assess the state of the helical
coil principle, especially related to its potential as a compact separation system. In addition to
the analysis, an experimental study on small-scale helical coils can be conducted. The experi-
mental study may reveal additional indications of whether helical coils are able to achieve phase

separation.

1.2 Objectives

The main objectives of this Master thesis are

1. Analyse existing compact separation systems

2. Evaluate the motivation and potential for helical coils as separation systems

3. Perform an experimental study of gas-liquid separation capabilities for helically coiled
pipes

4. Evaluate similarities between the experiment and genuine full-scale hydrocarbon flows

1.3 Limitations

The research on separation systems in this thesis is limited to gravitational and centrifugal sep-

aration principles.
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This being a one-semester project, requires a certain level of simplicity to the experimental
study. The experiments are therefore limited to air-water two-phase flow. The study is limited to
observation of phase distribution in the pipes, supported by flow measurements. Solutions for
extracting one of the phases from the coil are discussed, but were not a part of the experimental

study.

1.4 Structure of the Report

The structure of the report after the Introduction is as following.

* Chapter 2 presents theory related to basic fluid dynamics and is meant to support the

understanding of fluid flow discussions in the following chapters

* Chapter 3 concerns separation principles, the gravity settling principle and the centrifugal
separation principle. State-of-the-art separation systems are presented, along with rele-
vant helical coil flow and separation research. Assessment on the helical coil principle as

a compact separator is conducted

e Chapter 4 presents the experimental study on the helical coil principle. This includes the
motivation for the research, description of the experimental setup, how the results were

obtained, and presentation and discussion of the results

* Chapter 5 presents a study on the level of similitude between the experiments and genuine
full-scale scenarios. The study includes similarity requirements, as superficial velocity,

geometric-, kinematic-, and dynamic similarity

e Chapter 6 includes the main conclusions of the project and recommendations for further

work



Chapter 2

Basic Definitions in Fluid Dynamics

This chapter presents theory related to basic fluid dynamics. The sections in this chapter are
meant to help understand concepts within fluid flow problems, and highlight phenomena’s that

are discussed in other chapters in this thesis.

2.1 Compressible and Incompressible Flow

Liquids are often considered as incompressible fluids, where it cannot be much variation in vol-
ume (and density) on variation of pressure and temperature. Gas and vapours are often consid-
ered as compressible fluids, showing changes in volume (and density) on variation of pressure
and temperature.

Classification on whether a fluid is compressible or incompressible cannot only be taken on
the type of fluid. It should be taken on what type of process the fluid is undergoing, as liquids in
reality act as compressible fluids for high pressure and temperature variations (Balachandran,
2006).

In chapter 4 regarding the experimental study, neither air nor water is assumed to undergo
significant variations in pressure and temperature. However, in chapter 5 regarding similari-
ties between experimental and full-scale hydrocarbon flows, both the gas and liquid phase in a

hypothetical hydrocarbon flow are considered compressible.
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2.2 Laminar and Turbulent Flow

Parabolic
curve

(a)

-

— Umax —b—|
|

(b)

Figure 2.1: Laminar (a) and turbulent (b) flow velocity profiles, where V is the mean flow velocity,
and U4y is the maximum flow velocity (White, 2011).

Laminar flow is often characterised by low flow velocities. The flow produces streamlines that
run parallel to the axis of the tube, and the fluid particles mainly moves in the axial direction of
the flow. Figure 2.1 illustrates a typical laminar velocity profile for no-slip conditions, i.e. flow
velocity is zero at the pipe wall. The no-slip condition is a requirement that is based on the fact
that "All liquids essentially are in equilibrium with the surfaces they contact" (White, 2011). This
means that the fluid particles being in contact with the pipe wall, try to achieve momentum and
energy equilibrium with the surface. Hence the velocity of the fluid is equal to the velocity of the
pipe surface, which is zero.

Turbulent flow is often characterised by higher flow velocities. The streamlines observed
for laminar flow become increasingly unstable, and fluctuate from the axial flow direction. At
some point the fluctuations occur continuously, indicating that fully turbulent flow is achieved
(White, 2011). Figure 2.1 shows a typical turbulent velocity profile, where the mean flow velocity
is close to the maximum velocity.

The shift from laminar to fully turbulent flow is called transitional flow. In the transitional

flow there is a period with unpredictable fluctuations back and forth between laminar and tur-
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bulent flow.

Most practical cases, including the experiments in chapter 4 and actual hydrocarbon pro-
duction, are characterised by turbulent flow. A result of turbulent flow is a high level of mixing
within the fluid (Zamir and Zamir, 2000), which could be a disturbing factor for separation qual-
ity in multiphase flows. Whether a flow is laminar or turbulent is commonly determined by the

value of the Reynolds number, which is explained in the next section.

2.3 Developing and Fully Developed Flow

"The flow is fully developed when it no longer varies with axial position”. (Berger et al., 1983)

The concept of developing and fully developed flow can partly be explained by the illustra-
tion in Figure 2.1. For a fully developed flow, either laminar or turbulent, the velocity profile
of the flowing fluid is independent on the axial position in the pipe. Hence, the velocity profile
does not change over time. This imply a constant velocity profile, a constant wall shear, and a
linear pressure drop along the axial position (White, 2011).

For a developing flow, the velocity profile, wall shear, and pressure drop, are all changing
along the axial position of the flow. The term developing length, or entrance length, describes
the required axial length a developing flow must travel until it becomes a fully developed flow.

The explanation above regards single-phase flows, and the effect of multiphase flows on de-
veloping lengths are not elaborated in this thesis. However, in chapter 4, the flows that are ob-
served upstream, inside, and downstream of the helical coil are assumed to be developing flows.
This is because of non-constant orientation of the pipe upstream the coiled section, and the rel-

atively short axial length from the commingling point of air and water to the coiled pipe section.

2.4 Reynolds Number

Osborne Reynolds research on the flow characteristics in the 19th century gave the discovery
that turbulent flow not only depends on the average flow velocity v, through a tube. Proper-

ties like density p, viscosity y, and tube diameter d, plays an equal role in determining the flow
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characteristics. The onset of turbulent flow does not depend on one of the properties individ-
ually, but the non-dimensional combination of them, the so-called Reynolds number as shown

in Equation (2.1).

_pvd
7

Re (2.1)

White (2011) defines the "qualitative ratio of effects" of the Reynolds number as the ratio of
inertial forces to viscous forces, acting in the flowing fluid. The higher Reynolds number, the
more dominant are the inertial forces compared to the viscous forces. Zamir and Zamir (2000)
states that Reynolds numbers below a value of 2000 characterises a laminar flow, and that the
transition to turbulent flow may vary upon factors as pipe roughness and pipe entrance distur-
bances on the flow. White (2011) provides some approximate ranges of Reynolds number and
flow types, though stating that they may vary dependent on flow geometry, surface roughness,
and inlet (entrance) fluctuations. Values below 3000 are generally laminar, but flow in circular
pipes has an accepted limit of about 2300. Above these values and up to 4000 are transitional
flows, while values above 4000 is considered as turbulent flows.

In this thesis, the Reynolds number is used mainly for characterising, and ensuring, the level
of turbulent flow achieved in the experiments. In addition, the Reynolds number acts as an

important parameter in the similarity analysis in chapter 5.

2.5 Dynamic Viscosity

Viscosity is an essential fluid property when analysing fluid flow in a pipe, and is generally a
measure of the fluids resistance to flow. The term viscosity is, in most cases, more specifically
referring to the dynamic viscosity of a fluid, not to be confused with the kinematic viscosity.
Vogel (1996) explains the property dynamic viscosity by looking at the fluid as "a large stack
of very thin sheets of paper", where relative movement between the sheets are the same as fluid
shear rate. Then the dynamic viscosity acts as a parameter describing the resistance of which the
sheets move relative to each other, or as a friction factor between the sheets. The higher dynamic
viscosity, the larger force is required to obtain relative movement at a certain velocity between

the sheets. Dynamic viscosity has the symbol y, and the units cP (centi-Poise) or mPa- s.
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Kinematic viscosity, v, is the ratio between dynamic similarity and density, and its practical
significance is not elaborated in this thesis.

Temperature has strong effects on viscosity of liquids and gases. Increased temperature for
air increases its dynamic viscosity. Unlike air, increased temperature for water decrease its dy-
namic viscosity (Vogel, 1996).

The importance of viscosity in this project is mainly related to chapter 5. Here, similari-
ties between experimental air-water flow and full-scale gas-liquid flows at both standard and
non-standard temperatures and pressures, are addressed. Additionally, in a separation scenario
where one of the phases has high viscosity, the other phase would require long residence time
to allow separation. This is due to the large flow resistance for droplets/bubbles to settle/rise in

the more viscous phase.

2.6 Velocity and Superficial Velocity

Assuming no-slip conditions at the fluid boundaries, the velocity of a single-phase fluid in a
pipe varies from zero at the pipe wall, to maximum at the centre of the pipe. Due to this phe-
nomenon, it is convenient to work with an average flow velocity. The average velocity equals
the total volumetric flow rate divided by the cross-sectional pipe area. This average velocity
is constant for an incompressible fluid flowing along a pipe with constant cross-sectional area
(Massey and Ward-Smith, 1998).

In order to describe the velocity of a multiphase flow, the term superficial velocity is intro-
duced. The superficial velocity is the velocity that each phase would have if it were the only
fluid flowing in the pipe. The superficial velocities are related to the average total flow rate of
the current phase, and are calculated as shown in Equation (2.2) and (2.3). However, it does not
describe the actual velocity at which the phase moves inside the pipe. This is because the actual
flow velocities of each phase in a multiphase flow are largely dependent on the distribution of
the phases, i.e. flow regime. If gas bubbles are dispersed in a liquid dominated flow, forming a
bubbly flow, then the gas bubbles follow the liquid and have the same actual velocity. Still, the

gas superficial velocity is much lower than for the liquid (Palmer and King, 2008).
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vii = (2.2)
Vsg = % (2.3)

In chapter 5, superficial velocities are used to calculate full-scale gas-liquid volumetric flows,

with equal superficial velocities as air and water in the experiment.

2.7 Flow Regimes

Flow direction

ﬂ"jn a®o .; sea® gy L] ﬂ‘ﬂ‘n
P‘ L R n'& Bubble flow

? — l}.‘ Stratified flow

ll:;':;::d ey fon

% e ﬁﬁﬁ:}d Plug flow

$ . g A Semi-slug flow

4 Slug flow

Annular flow

Figure 2.2: Typical two-phase gas-liquid flow regimes in horizontal pipes (Falcone et al., 2009).

Several factors affect the phase distribution, i.e. flow regimes that can be observed in a two-
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phase flow. The main factors are phase flow rates, surface tension, wetting, dispersion, coales-
cence, body forces, and heat flux effects (Falcone et al., 2009). Despite the number of factors,
one can differ between the most common gas-liquid flow regimes by a few main categories. The
flow regimes typically found in horizontal pipe flow are illustrated in Figure 2.2. It is expected
that helical coil flow regimes, where the coil axis is vertical and the coil pitch is small, can be
recognised in Figure 2.2. This is based on the small vertical elevation compared to horizontal
flow length. The bubble flow consists of large liquid fraction with gas bubbles dispersed in the
liquid. Buoyant forces elevate the majority of the bubbles to the upper pipe region. The stratified
flow illustrates that the two phases are completely separated as a result of gravitational forces.
One large horizontally oriented interface can be observed. This flow regime seems preferable
for a case where extraction of one of the phases, or phase splitting, is desired. The wavy flow
has equal phase distribution as the stratified flow, but irregularities on the gas-liquid interface
similar to waves is observed. The occurrences of waves are usually related with higher gas than
liquid flow rates. The plug flow is recognised by bullet-shaped air bubbles or pockets. Similar
to the smaller bubbles in bubble flow, the air phase tends to accumulate in the upper pipe re-
gion, as a result of buoyancy. The semi-slug flow appear as large frothy liquid waves that does
not reach the top of the pipe. This regime will cause irregular liquid fraction along the pipe.
The slug flow is characterised by occurrence of frothy liquid waves, called slugs, that occupy the
whole pipe cross-section. In between the slugs, the flow regime can sometimes appear as wavy
or annular. The annular flow has the gas phase occupying the core of the pipe, while the liquid
flow along the pipe wall as a film. The liquid film is usually thicker in the lower pipe region due
to gravity.

Falcone et al. (2009) adds that the difference between plug, semi-slug, and slug flow regime
can be hard to distinguish, hence those three regimes can be categorised as intermittent flow.

In chapter 4, all experimental measurements are given a flow regime characterisation deter-
mined from images. The flow regimes mentioned in chapter 4 are recognisable with the regimes

presented in this section.



CHAPTER 2. BASIC DEFINITIONS IN FLUID DYNAMICS 11

2.8 Pressure loss in pipes

Fluid in motion through a pipe will encounter shear forces working tangential to the surface on
which the fluid it acts. The fluid will suffer loss of energy as dynamic viscosity counteracts the
shear forces, resulting in a decrease of pressure (Massey and Ward-Smith, 1998).

The head loss is the sum of change in pressure, and hydrostatic pressure, over a given length.
Besides elevation changes, the main contributor to pressure loss are viscous forces in the fluid,
initiated by shear forces between the fluid and the pipe surface (White, 2011).

The so-called Darcy-Weisbach equation is a common method to estimate the head loss in a
pipe flow, and is shown in Equation (2.4). For a pipe flow without elevation change, the head
loss is dependent on horisontal pipe length, L, pipe diameter, d, mean flow velocity, 7, and a
friction factor, f.

For turbulent flows, the friction factor is dependent on Reynolds number and relative rough-
ness. The relative roughness is the ratio of the surface roughness height to the pipe diameter. A

smooth pipe surface, gives lower roughness height, and hence reduces the friction factor.

Lo

d 2g (2.4)

hy=

Fluid flowing through a bend or other curvatures will suffer larger pressure losses than straight
pipe flows. The flow encounters "separation" from the inner wall of the curved pipe, and swirling
secondary flow as a result of centrifugal forces. In this case, flow separation means that the fluid
tends to leave the inner pipe wall, causing a low-pressure drag zone. Secondary flow is explained
in section 2.8.

The losses due to flow separation and secondary flow increase for lower R/d, as this increase
curvature effects. The losses due to friction increase with R/d, as this increase the total length of
curved pipe (White, 2011).

In thesis, no quantitative analysis was made on fluid pressures. However, it was assumed
that the value of the discussions in chapter 4 is enhanced with a basic understanding of pressure

losses, especially related to curved pipe flows.
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2.9 Secondary Flow

Berger et al. (1983) states that "Secondary flow appear whenever fluid flows in curved pipes or
channels". The secondary flow pattern is recognised by looking at velocity profiles in a plane
perpendicular to the primary (axial) flow direction. In Figure 2.3 the secondary flow pattern is
seen as two counter-rotating vortexes.

The secondary flow pattern initiates because the axial fluid velocity profile is highest in the
centre of the pipe, and zero at the pipe wall. Assume a fluid particle in the centre of the pipe in
Figure 2.3. High axial velocity cause the particle to be affected by higher centrifugal force than
the surrounding particles, hence it is forced outwards. When the particle approaches the outer
pipe wall, the velocity is reduced as a result of the no-slip condition. The centrifugal force acting
on the particle is reduced, allowing it to move inwards along the upper or lower vortex. The in-
ward movement is supported by the pressure distribution in the cross-sectional plane, induced
by the centrifugal force, where the outer region has higher pressure than the inner region.

In Figure 2.3, the two counter-rotating vortexes are symmetric around a horizontal and ver-
tical centre line. This only represents the secondary flow pattern for low velocity laminar flows.
For higher axial flow velocities, the two vortexes are biased in the horizontal direction towards

the outer pipe wall, loosing their vertical symmetry.

INNER
O%EEE WALL

Figure 2.3: Secondary flow pattern for a laminar flow (Truesdell and Adler, 1970).
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Secondary flow developing length

Developing length for straight pipes are mentioned in section 2.4. The same principle regards
curved pipe flows, where a certain length of constant curvature is required to achieve fully de-
veloped flow. Vashisth and Nigam (2009) published a study on two-phase flow in coiled tubes
addressing the curved pipe developing length of secondary flow. Their study included exami-
nation of several correlations for estimation of developing length, and a two-phase developing
length correlation was suggested. Results from the study indicated that shorter curvature radii
required longer developing length, because of small curvature and increased centrifugal effects.

The secondary flow developing length is not further elaborated in this thesis. However, in

the discussions in chapter 4 the phenomenon is mentioned.

2.10 Dean Number

Two important parameters that characterises fluid flow in bends are the curvature ratio and the
Dean number (Berger et al., 1983). The curvature ratio is defined by Equation (2.5), where r
equals the inner pipe radius and R is the curvature radius.

rod

= — = — 2.
0 R 2R (25

Berger et al. (1983) states that the qualitative meaning of the Dean number describes the
ratio of centrifugal-, inertial-, and viscous forces, as shown in Equation (2.6). He further states
that secondary flow initiates mainly as a result of centrifugal and viscous forces, and that the

Dean number is a measure of the magnitude of secondary flow.

_/Centrifugalx Inertial
B Viscous

De

(2.6)

Berger et al. (1983) highlighted that a variety of Dean number definitions was used in differ-
ent reports, but suggested Equation (2.7) to be used in future studies. Be aware that in Equation

(2.7), the Reynolds number was defined as Re= (pvr)/u, and Dean number was denoted as k.

1To distinguish different Dean equations, denotation was adopted from Berger et al. for this definition of Dean
number
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1<:2><\/(§><Re:2><\/ZxM (2.7)
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For the common definition of Reynolds number in circular pipe flow, Re = (pvd)/u, the Dean

number becomes as in Equation (2.8), denoted as De. This is the Dean number used in this

[a pvd
De=V3 x Re=1/—= x ¥ 2.8)
2R u

In chapter 5, the Dean number is used as a similarity parameter between the experimental

report.

helical coil, and a hypothetical full-scale helical coil.

2.11 Similarities

This section briefly present the concept of similarity, used to relate experimental models to pro-
totypes or full-scale scenarios. Three types of similarity are described, including geometric,
kinematic, and dynamic similarity. In chapter 5, the similarities are investigated further, with

relation to the experiments in chapter 4.

Geometric Similarity

"A model and prototype are geometrically similar if and only if all body dimensions in all three

coordinates have the same linear scale ratio". (White, 2011)

As the statement above indicates, all dimensions of a geometrical shape must be scaled with
the similar parameter. This means that for a rectangular shape, the width, length, and height is
individually multiplied with the same scale ratio from model to full-scale. It is further required
for geometric similarity that the shape of the model is equal to the full-scale, hence all angles
must be unchanged between them. In other words there are several homologous points in the
model shape that, by geometric similarity, are related with the linear scale ratio in the full-scale
shape. For fluid mechanic cases, the requirements of the model shape also regard the fluid

geometry. Additionally, White (2011) states that all directions of the fluid flow are preserved.
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Kinematic Similarity

"The motions of two systems are kinematically similar if homologous particles lie at homologous

points at homologous times". (White, 2011)

White (2011) states that to achieve kinematically similarity the model and prototype must have
the same length scale ratio, and the same time scale ratio. To have the same length scale ratio
would require having geometric similarity.

For frictionless low-speed flows, White (2011) say that flows with no free surface can be kine-
matic similar only by defining independent (different) length and time scale ratios. For free-
surface flows, kinematic similarity is obtained with length and time scale ratios described by

equality of Froude number, because effects of gravity are dominating.

Dynamic Similarity

"Dynamic similarity exists when the model and the prototype have the same length scale ratio,

time scale ratio, and force scale (or mass scale) ratio". (White, 2011)

To achieve dynamic similarity, first of all geometric similarity must be ensured. Then dynamic
similarity, together with kinematic similarity, is obtained for the following flows and require-
ments. Compressible flow requires equal Reynolds number, Mach number, and specific-heat
ratio. Incompressible flow with no free surface requires equal Reynolds number. Incompressible
free-surface flow requires equal Reynolds number, Froude number, and possibly Weber number
and cavitation number.

Regarding modelling of fully enclosed (pipe) flows Chanson (2004) states that the effect of
viscosity at solid boundaries as pipe walls are important, hence Reynolds number equality is

the dominating parameter when modelling such flows.



Chapter 3

Study of Separation Principles

This chapter presents the physics and theory behind gravity settling separation and centrifu-
gal separation systems, and state-of-the-art compact separation systems. The majority of the
existing systems are products from well-known subcontractors of the petroleum industry. Pub-
lications regarding multiphase flow in helically coiled pipes and the use of coiled pipes as cen-
trifugal separators, are presented. The separation techniques are discussed towards subsea ap-

plications.

3.1 Philosophy of Separation

"A separator is a pressure vessel designed to divide a combined liquid-gas system into individual
components [...] for subsequent disposition or processing" (Stewart and Arnold, 2008).

Well streams are typically characterised by a multiphase turbulent flow, with various fractions of
gas, oil, water, and solids. A separation process is thus required in order to exploit the different
petroleum phases individually.

Production of oil and gas into a separator carries a certain amount of mass fraction from
associated components. The components will then either be in the vapour phase or if not in the
liquid phase. The multiphase flow behaves differently dependent on temperature and pressure.
Phase diagrams are developed to understand these behaviours. To accomplish these conclu-
sions the equilibrium vapour-liquid ratio has to be identified. Factors like pressure and tem-

perature play an essential role on this value. Additional factors as the composition of the pro-

16
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Figure 3.1: Pressure-temperature phase envelopes for main hydrocarbon types - showing initial
conditions relative to the phase envelope only (Jahn et al., 2008)

duced hydrocarbon fluid plays a key role, as there is interaction of the various components in
the system. The basic separation process is similar for both oil and gas production, although the
relative amounts of each phase will be different. (Jahn et al., 2008).

A typical P-T phase diagram is illustrated in Figure 3.1. The phase diagram describes the
various conditions of the phases considering temperature and pressure differences. The bub-
ble point line describes the line of 100% liquid. Going above this line means 100% liquefied
oil, while below this line leads to the first release of ethane vapour bubbles. Moving from the
bubble-line to the dew-line indicates a gradual process of decreasing liquid, or increasing gas
fraction. The dew point line is where the last drop of liquid is vapourised. Below this point only
gas remains, and the gas volume is determined by its compressibility. The two lines meet at the
critical point (CP) where one is no longer able to make a distinction between compressed gas
and liquid. Located inside the envelope is the two-phase region, a mixture of gas and liquid

phase. From a phase diagram the separator can be designed to uphold the desired pressure and
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temperature for maximising the separation efficiency (Jahn et al., 2008).

The single-stage separator (one separator vessel) will have an optimum working pressure,
this yields the maximum quantity of oil and minimises the transport of heavy components into
the gas phase. Additional separators in a process train can increase the oil yield, but the incre-
mental yield of oil will decrease with each separator added in the train. Adding of more sep-
arators in the process train increase the capital and operating costs, meaning that a balance
between increased oil yield and cost has to be made. One- or two-stage separation is most com-
mon in the industry. The economics rarely supports more than three stages of separation. Low
pressure may constrain the multistage separation process. The actual separation process in-
cludes a rather significant pressure drop, and low inlet pressures will result in a smaller scope

for separation (Jahn et al., 2008).

3.2 Gravity Settling Separation

The most common separation solution for topside facilities

Fy+Fp

is the gravity settling principle. The principle utilises a given
duration for the fluids to settle into different layers as a result
of their different densities.

To understand the principle, one can consider a spher-

ical droplet entrapped by another fluid, whereas the den-
sity of the droplet varies from the surrounding fluid. If

F
& the droplet is more dense, it would descend through the

Figure 3.2: Forces acting on

fluid. The descending droplet is affected by gravitational-
droplet surrounded by a fluid.

, buoyant-, and drag forces, as shown in Figure 3.2. Yam-
aguchi (2008) says that at some point the droplet will obtain a constant velocity, the so-called
terminal velocity, where the sum of the buoyant (Fy)- and drag (Fp) force equals the gravita-
tional force (Fg). Stewart and Arnold (2008) states that flow around oil droplets in water and
water droplets in oil is laminar, hence Stokes’ law for fluid drag force is valid. For an oil-water
separation scenario, the force balance at terminal velocity can be expressed by Equation (3.1)

and (3.2). Here d is droplet diameter, p; is sphere density, p is fluid density, u is fluid viscosity,
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U is the terminal velocity, and g is the gravitational constant.

Fy+Fp—Fg=0 3.1
gd3pg+3n,udU—%d3psg:0 (3.2)

Equation (3.2) can be isolated for the terminal velocity, U, as shown in Equation 3.3.

d? -
U= M (3.3)
18u
The terminal velocity can be used to estimate the time required for a droplet with a given
size to settle at the bottom of a tank. Among other factors, the terminal velocity can be used for

design of gravity separators.

Separator Design

The design of the inlet section of a separator is intended to separate most of the liquid phase,
e.g. large slugs or droplets, from a multiphase flow. The design leads the multiphase flow down
towards the liquid at the bottom of the vessel. This causes segregation of the flow while avoiding
a mist formation (Jahn et al., 2008).

Some small droplets that still remain in the gas phase require handling of extraction systems.
To prevent these from following the gas stream, demisting sections are installed to recover the
liquid mist. Large liquid droplets will fall out of the gas under the act of gravitational forces,
while small liquid particles are intercepted by impinging the demister section before the outlet
of gas phase. Wire mesh or metal plates are traditionally used for constructing these systems.
The droplets that are intercepted coalesce and move downward by gravity into the liquid phase
(Jahn et al., 2008).

As liquid is prevented in the gas phase, gas must also be prevented in the liquid phase. En-
trapped gas bubbles in the liquid phase must be given the required residence time to escape

from the liquid under forces of buoyancy. The liquid viscosity affects the process at which the
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small gas bubbles escape. Higher viscosity requires longer residence time. Typical residence
times can vary from 3 minutes (light crude) to 20 minutes (very heavy crude). Three main fac-
tors determine the separator sizing; gas velocity (minimise liquid mist in gas phase), viscosity
(residence time), and surge volume allowances (up to 50% over normal operating rates) (Jahn

et al., 2008).

Separator Types

Jahn et al. (2008) states that the basic separator types can be characterised in two ways; firstly
by their main function (bulk or mist separation), and secondly, by orientation (vertical or hori-
zontal).

Knockout vessels are the most typical kind of basic separators in the industry. The removal
of droplets from the gas stream is poor as there are no internals installed in the vessel. These
are utilised in dirty service conditions, i.e. well streams containing sand, water, and corrosive
products, and work well.

Demister separators are applied where small liquid particles remaining in the gas phase cre-
ate problems. Sometimes liquid recovery is less important than eliminating liquid particles from

the gas stream, especially when feeding gas to an eventual compression system.
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Figure 3.3: Horizontal and vertical demister separators (Jahn et al., 2008)
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The separators can be constructed vertically or horizontally. Figure 3.3 briefly show exam-
ples of the horizontal and vertical demister separator design. Vertical separators are usually
preferred when high oil capacity and the requirement of large surge volume is present. How-
ever, degassing may generate an issue if liquid viscosity is high, as this slows the escape of gas
bubbles. The horizontal separators can deal with high gas volumes and foaming crude. These

are usually put in action when facing high flow rates and high gas-liquid ratios (Jahn et al., 2008).

Conventional Gravity Separator

The characteristic of a conventional gravity separator is a huge pressure vessel. The separator
occupies large areas on process facilities which already have limited space, i.e. offshore pro-
cessing. Application of this technology entails high capital and operational expenditures. These
separators are applied to separate both two-phase and three-phase production. This technique
is associated with thorough and final separation. Figure 3.4 illustrates a typical three-phase hor-
izontal separator vessel, where the layers are facilitated by gravitational forces. The size of the

vessel depends on the required residence time for the phases to separate and settle.
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Figure 3.4: A basic three-phase separator (Jahn et al., 2008)

The horizontal technique is suited with low level of liquid, this level should be kept as con-
stant as possible. Losing liquid level can imply gas entering liquid drain, this can also occur if
the liquid drain produces a swirl. High sand production is unwanted as this may cause clogging
and increases the need for intervention. Measurements for avoiding these factors are usually

included in the construction.
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3.3 Centrifugal Separation

Centrifugal separators utilise the effect of radial forces induced on fluids moving in a circular
motion. This force is commonly referred to as the centrifugal force. Depending on the separator
design, the induced centrifugal force can be of magnitudes up to 500 000! times the gravitational
force.

Equation (3.4) shows the relationship between centripetal acceleration, a, tangential veloc-

ity, v, and the curvature radius, R, for uniform circular motion.

2l (3.4)
- ,

Centrifugal

Centripetal

Figure 3.5: Uniform circular motion: a particle moving along a constant radius, at constant
tangential velocity.

Centripetal force is the force acting perpendicular to the tangential velocity of the particle,
pointing towards the centre of rotation, causing a circular motion. Without the centripetal force
the particle would move in a straight line.

Centrifugal force is the force acting perpendicular to the tangential velocity of the particle,
but in the opposite direction of the centripetal force. It is a reactive force of the centripetal force.
When the two forces are at equilibrium, the circular movement is constant, i.e. the particles
circular motion neither sharpens nor straightens.

Holdich (2002) describes buoyancy with the following; "if a particle floats, rather than sinks,

then it will move inwards in a centrifugal field. Particles denser than the fluid will move outwardes.

The higher value is only obtainable for gas streams. An example is the Twister® Supersonic Separator.
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The centrifugal field acts like an enhanced gravitational field and is usual to speak in terms of the

equivalent g’ force: i.e. centrifugal acceleration / 9,81 m/s*"

dr x*(ps—p)row?
Fri T 3.5)

In a centrifugal motion, particles travel radially and the radial position is affected by the force
of circular motion. The particles will then accelerate throughout its movement in the radial di-
rection. Meaning, to express the position of the particle as a function of time, integration is nec-
essary. In the definition of physical forces acting on a particle in circular motion, the centripetal
force and not the centrifugal force should be considered. If the centripetal force was abruptly
eliminated, an uncontrolled particle would exit its orbit tangentially. This is the ideal situation
for particles separated from gases in cyclones. In reality, the particle will move in changing or-
bits, not exit tangentially from one orbit, and gradually travel outwards in the radial direction

(given that the surrounding phase is less dense than the particles). To describe this travel math-

ematically, Equation (3.5) can be used (Holdich, 2002).

Cyclone Separator

The petroleum industry has started to replace the conventional gravity separators with the cy-
clonic separation technology, which indicates the growing influence it has on the field. The
compact separation vessel and efficient gas-liquid separation makes it advantageous. Similar
to gravity separators the cyclones can be constructed to deal with large volumetric concentra-
tions of liquid. The cyclone principle allows for separation of both liquid and solid particles
(Hoffmann et al., 2003).

Cyclone is termed as a special separator, utilising large centrifugal forces to enhance the
separation process. This includes elimination of liquid droplets (condensate) in a gas phase
stream. The inlet stream is forced in a circular motion generating the centrifugal force. The
liquid being the denser phase is forced against the wall of the vessel by the centrifugal force.
This is either obtained by forcing the fluids around the outer wall using inlet vanes, or directing
gas into several smaller cylinders acting as small cyclones. In both cases the liquid is collected

at the bottom of the vessel. In some cases the gas phase flows through a settling area before
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leaving the vessel at the top (Kidnay et al., 2011).

The cyclones are very effective when operating with high gas rates. They efficiently sort out
droplets with diameters larger than 10 um. However, their efficiency falls rapidly when the inlet
flow rate decreases. This set limitations to the technology as it narrows the operating range.
In addition, the cyclones are recognised to have a rather high pressure drop, and it also face
challenges when operating with liquid slugs. The technology is attractive for applications where
the gas and liquid flow does not vary much. The cyclones are frequently applied in power plants,
where it removes the condensate in steam systems. On the other hand, they are less frequently
used for natural gas processing due to the fluctuating flow rates and liquid slugging (Kidnay

etal., 2011).

Hydrocyclone Separator

Hydrocyclones (also sometimes referred to as cyclones) are based on nearly the same technique
and principle as the cyclones mentioned above. Variation in the cyclones operating conditions
can lead to drastic losses in separation efficiency. These conditions are usually inlet flow rate,
viscosity, temperature, and liquid/gas characteristics. The term hydrocyclones are based on
the liquid being the primary phase, where solids or gas are separated from a liquid flow. This
includes separation of water from oil, so-called liquid-liquid separators. The hydrocyclone, like
the mentioned cyclone, is a more coarse separation technique as opposed to the conventional
gravity settling method.

Jahn et al. (2008) states that "Hydrocyclones have become common on offshore facilities and
rely on centrifugal force to separate light oil particles from the heavier water phase. As the inlet
stream is centrifuged, the heavier water phase is spun’ to the outside of the cyclone whilst oil
particles move to the centre of the cyclone, coalesce and are drawn off upwards. The heavier water

is taken out at the bottom" .
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Figure 3.6: Hydrocyclone for oil-in-water removal (Jahn et al., 2008)

Figure 3.6 illustrates the hydrocyclone features, where the feed enters tangentially into the
vessel. The feed mixture is separated and forced towards opposite axial directions, i.e. the two
outlets at each end of the vessel.

The tangential inlet forces the incoming flow to enter a rotational motion. This eliminates
the need for rotating the wall of the device mechanically, e.g. centrifuge. Hence, the vesssel
contains no rotating parts. However, the device requires a "prime mover" to ensure separation,
e.g. a pump or a high-energy well stream. Inside the hydrocyclone the flow pattern is rather
complex, and three velocities need to be accounted for. The tangential velocity is critical for the
operation of the cyclone, as it ensures separation of particles subjected by the centrifugal force.
Tangential velocities of oil, water, and solids may reach as high as 20 m/s. The radial velocity is
much lower, typically less than 0.1 m/s. There is a radial net flow of oil (lighter particles) inside
the vessel directed towards the centre, and a radial net flow of water or solids (heavier particles)
directed outwards to the wall. This makes it essential to differentiate between the radial flows of
the separate phases. The third velocity is in the axial direction, where the hydrocyclone has two
outlets. The outlets continuously send out the different phases into two separate streams. This
means that the axial flow velocity has to be evaluated continuously to ensure that the intended
phase exits the correct outlet. The hydrocyclone operates as a thickener, i.e. concentrates a
suspension, and a classifier, i.e. selects particles of a specific size. Whereas one outlet has the
diluted flow from the feed (finer particles), and the other outlet has a thickened flow, coarser

particle distribution (Holdich, 2002).
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Helical Coil Separator

A different technique utilising high centrifugal forces to separate different phases, is the helical
coil principle. The principle involves a mixed feed entering a pipe of helical shape, with one or
several loops, where the denser phase gets 'slung’ to the outer region of the pipe cross-section.
In the case of gas and liquid flow, the liquid phase is thought to distribute at the outer region of
the curved pipe. Hence, the gas will be located at the inner region closer to the centre of the loop.
The technique cannot separate the phases into two different streams on this basis, although it
will force a more distinct interface between them. A possible method to draw one phase from
the other, is to drain one of them from the main stream.

The technology is not applied to any practical separation applications, and is rather uncom-
mon. However, research and experiments on the technique has been conducted. da Mota and
Pagano (2014) studied phase segregation in one looped helical pipes with multiphase flow, to
examine its potential for flow conditioning. Murai et al. (2006) investigated the effect of centrifu-
gal acceleration on flow regime with air-water flow in five looped coils. Mujawar and Rao (1981)
study flow patterns, holdup, and pressure drop, on gas-liquid two-phase flow in helical coils.
Zhang et al. (2006) investigated oil/water separation mechanism inside helical pipes, where the
system contained several loops and drainage holes for extracting one phase from the other. At
last, Al-Yazdi (1991) patented a method for separation of water from crude oil, where the system
contains a vertical spiral separator unit with drainage. These researches are elaborated in more

detail later in this chapter.

3.4 Subsea Separation

The use of subsea separation systems are still in a developing phase. Although, several appli-
cations are installed and have proved their potential, there are still issues to address in order
to achieve confidence in the concept. The benefits of subsea separation lies in its ability to in-
crease the total production, improve reservoir recovery, and enhance the total revenue. The
enhancement of reservoir recovery essentially results in prolonging the plateau length of the
field. Reduction in capital expenditure is especially targeted towards deep-water applications

(Hannisdal et al., 2012)
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Subsea separation is seen as an enabler for exploiting deep water and Arctic resources, as
well as producing from marginal fields. Developments in these areas have traditionally been
referred to as uneconomical, or too challenging because of the remote locations, harsh envi-
ronments, low energy reservoirs, or long tieback requirements due to no existing infrastructure
(Hannisdal et al., 2012).

Subsea separation can reduce the unnecessary heavy transportation of water and solids to
topside facilities, increasing production rates. Typically low energy reservoirs require artificial
lift to overcome pressure drops between reservoir and process facility. Gas lift is a viable option,
although its applicability is not always present as it requires high gas-oil ratios. A second viable
option is the use of subsea pumps, whereas subsea separation can improve the boosting effi-
ciency. This is a result of the separation feature, where it can control the magnitudes of gas and
liquid in the flow (Hannisdal et al., 2012). This implies possibilities of exploiting single-phase
pumps and compressors, which provides higher hydraulic efficiency and increased differential
pressure for the processed phases.

Subsea separation and boosting provides cost efficient flow assurance opportunities. Given
that the separation provides separate pipelines for gas and liquid, it enables hydrate manage-
ment possibilities. In addition, it ensures a reduction of glycol requirements for the gas line,
and prevents Joule-Thomson cooling in the liquid line. Subsea separation and pumping can
reduce flow assurance issues related to slug flow, especially in risers going to topside facilities
(Hannisdal et al., 2012).

Applying systems subsea require modularised constructions. This means that sections of the
construction can be retrieved from the seabed, excluding the whole structure and foundation.
The actual defect module can then easily be replaced, without the need of larger intervention
vessels. Having smaller modules implies that these can be stored at nearby facilities. Interven-
tion then becomes more agile and efficient. However, due to the reduction in maintainability
as for installing equipment subsea, Hannisdal et al. (2012) states that, "the reliability of a subsea
station is expected to be high, for example with target availability of 97.5 %, so a minor drop in
availability makes a large impact on the overall business case. It is therefore essential to find a
good compromise between the realised reduction in overall capital expenditure and the reduced

robustness to fluctuating conditions, when making separators smaller”.
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Functions performed subsea instead of topside brings advantages in form of the boundaries
for the installations. Limited space topside is an issue for large separation vessels usually asso-
ciated with the conventional gravity separators. Applying more equipment subsea ensure sim-
plifications to topside facilities, eventually it could imply complete subsea factories, eliminating
the current topside strategy.

Concerns related to subsea applications are sand removal, flow assurance, reliability, dura-
bility, maintainability and power distribution. Sand handling systems are required to reduce
wear due to erosion. Sand accumulation is therefore a concern for the installations, and its
removal is of utmost importance. Pipelines located at the seabed may experience difficulties re-
lated to flow assurance, induced by phenomenons as hydrates and asphalts. Mapping and sam-
pling of the seabed foundation is essential to level and secure the installed equipment. Dura-
bility for the subsea applications is vital for minimising the required maintenance, typically the
equipment is designed to endure about 25 years of service. However, the experience is that some
components are more critical towards failure and require intervention more regularly. In cases
like these the components should be modularised as mentioned above. Challenges may occur
when distributing power to the subsea applications through umbilical cables, as very long ca-
bles can delay the response time. If hydraulics, electricity, and signal cables are wined into the
umbilical they quickly become large and expensive. The most power consuming subsea mod-

ules are often related to pump and compressor stations.

Gravity Settling Principle

The gravity settling principle has been exploited subsea, in fields like Pazflor, Tordis and Troll.
The construction becomes more complicated than for topside applications. The large and in-
convenient structures are associated with an expensive application and operation (Hannisdal
etal., 2012).

The size and shape of these separators makes them unsuitable for deep subsea operation.
The stress applied on the vessel structure is a result of ambient pressure acting on the vessel
surface. This cause complications for vessels with large surface areas, where a solution is to in-
crease the vessel wall thickness. This generates a huge construction of heavy weight, increasing

material costs, and is unattractive for intervention and maintenance.



CHAPTER 3. STUDY OF SEPARATION PRINCIPLES 29

Separation efficiency is directly related to residence time, requiring a certain vessel size.
When deeper waters imply smaller vessels, it is clear that that efficiency decrease with increase
of water depth. In addition, requiring a certain residence time for the phases to settle, could
impact the productivity and cause a holdup for the production. Another consequence of a time-

consuming separation process, could be loss of temperature resulting in hydrate formation in

pipes.

Centrifugal Principle

The centrifugal principle provides the opportunity to construct compact subsea separation ap-
plications. The technique utilising high centrifugal forces is not dependent on large gravity set-
tling vessels. Despite that subsea fields essentially have unlimited space, smaller vessels are still
desired. Stresses induced by ambient pressure on the vessel structure can be reduced with re-
duction of vessel surface area, enabling deep water applications. The technology requires little
maintenance as there are no moving parts. Depending on the sand handling solution, issues
are mostly related to erosion, and not sand accumulation. As the centrifugal principle requires
a certain flow velocity to be efficient, it requires a prime mover for the flow. Initially, the well
flow energy can be sufficient, but this energy drops over time of production.

The centrifugal separation technology becomes more ideal where the phases to separate
have large density difference, deeper waters (more than 1200 m), and Arctic applications. The
reduction in weight and size enables intervention with a variety of commercial vessels, elimi-
nating the need for specially designed and large intervention vessels.

The helical coil technique utilising the centrifugal principle is an interesting concept for a
subsea application. Like the cyclones the technique can be classified as compact, and includes
no moving parts. The geometry of a helical coil separator is ideal for containing high pressures,
and taking high ambient pressures, due to essentially being a circular pipe. Depending on length
of curved pipe to achieve separation, the flow through a helical coil may not experience critical
pressure loss. With respect to modularisation, the helical coil could be a module that is eas-
ily replaceable, whereas the connection to inlet and outlet to the coil would be disconnected.
The helical coil exposed to the high velocity flow would, however, be affected with erosion and

become a critical module.
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3.5 Existing Technologies

This section presents existing compact separation systems. The systems are based on both cen-

trifugal and gravitational separation principles.
3.5.1 In-line Cyclone Separation

InLine DeGasser InLine DeWaterer
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Figure 3.7: InLine separators

Seeking towards compact separation solutions, in-line systems have been developed. FMC
Technologies deliver several types of in line solutions, including both gas-liquid and liquid-
liquid separation. Field-testing of the solutions started in 2003 and the technology has proven
to be reliable.

Figure 3.7 shows two of the products that FMC offer. The InLine DeGasser comprises a
straight pipe section with a swirl element that induce cyclonic flow pattern in the pipe. As the
denser liquid is forced outwards to the pipe wall, the less dense gas occupies the centre of the
pipe. A certain length downstream of the swirl element a gas extraction device is found. The gas
extraction device leads the gas out of the pipe into a gas pipe. FMC says the InLine DeGasser is
mainly designed for separation of gas from high liquid content flows. The Statfjord B platform

has had an InLine DeGasser installed since 2003.
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The InLine DeWaterer is one of the liquid-liquid separators that FMC offers. The design is
shown in Figure 3.7, comprising a T-pipe with a swirl element. The inlet fluid is forced into
a cyclonic flow pattern, accumulating the lower density phase in the centre. The low density
phase is extracted from a centred outlet while the high density phase is extracted from the outer
region. The InLine DeWaterer has operating range of up to 50 % oil in water and 50 % gas volume
fraction at inlet. Within this operating range the water removal efficiency can reach up to 95
% (FMC Technologies, a). The InLine DeWaterer system was field tested at Gullfaks C in 2010
with good results. FMC Technologies (a) claims that the system is being developed as a subsea
separation solution.

FMC has developed a three-phase separator test skid comprising only in-line separation
technology. According to FMC the skid shall be tested offshore on a well stream. Depending
on the results, the skid may be taken further for development of a full-scale subsea separation
system. The skid includes One CDS Gasunie inlet cyclone, two stages with InLine DeWaterer,
and one stage of HydroCyclone for "water polishing". The system utilise a water recirculation

loop to enhance separation efficiency.
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3.5.2 CDS-Gasunie Cyclone Scrubber

Figure 3.8: CDS-Gasunie Cyclone Scrubber (FMC Technologies, b).

The Cyclone Scrubber uses optimised blade geometry to rotate the multiphase flow entering the
vessel. Solid particles and liquid accumulates towards the wall as a result of being exposed to
the centrifugal force, and descend to the bottom of the Scrubber. The gas gathers at the centre
and flows out the centre pipe connected to the gas outlet nozzle at the top. Baffles at the bottom
of the vessel stops the heavy phase from rotating further. A blocking plate prevents liquid being
entrained with the gas, avoiding both gas carry-under and liquid carry-over. The technology
can handle liquid/gas volume ratios of up to 10%. The vessel does not contain any moving parts
making it maintenance friendly. The small size and weight makes it attractive for offshore ap-
plications, it has excellent slug handling capabilities, and high turn-down (FMC Technologies,
b).

The scrubber can be used to separate liquid (water, hydrocarbon, glycol, etc.) from gases
(natural gas or other). The technology can also be applied for protection of downstream equip-
ment like compressors, gas turbines, and flow meters. Similar to liquid separators, this tech-
nology can separate solid particles (dust, sand, etc.). This makes the scrubber suitable as a gas

wellhead separator (FMC Technologies, b).
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3.5.3 Supersonic Separator
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Figure 3.9: Twister® Supersonic Separator (Twister BV)

The Twister Supersonic Separator is a device for gas conditioning, utilising cyclonic separation
together with gas condensation. Figure 3.9 show the separator design and working principle.
The compact flow duct and the guide vanes in the vortex generator convert the high pressure
energy into kinetic energy. The gas obtains supersonic velocity and the pressure decrease causes
temperature decrease. This enable condensation of water and hydrocarbons, creating droplets
that are forced to the outer pipe. Denser fluids are extracted to a compact de-liquidiser, where
slip-gas is re-injected to the dry gas flow. The strong cyclonic effect is capable of causing up to

500 000 g. A total pressure loss of 15-20 % can be expected (Twister BV)



CHAPTER 3. STUDY OF SEPARATION PRINCIPLES 34

3.5.4 ASCOM Spherical Separator

Figure 3.10: ASCOM Spherical Separator (ASCOM Separation)

The spherical separator is a concept utilising the gravity settling principle. The concept is be-
ing developed for gas/liquid- and liquid/liquid separation, sand handling, and produced wa-
ter treatment. Testing and verification of the technology is being planned, and the concept is
thought to handle depths down to 3000 m. The size and shape of the spherical separator makes
it a compact unit compared to a conventional horizontal separator. ASCOM Separation states
that their high performance special internals makes the technology just as efficient as a con-
ventional horizontal separator. However, conventional spherical separators have less efficiency
than the conventional horizontal separators. Additional benefits of this spherical system, is the
reduction in footprint, weight, capital expenditure, simplification in fabrication, ultra deep sub-

sea applications, and seabed installations (ASCOM Separation).

3.6 Publications on Two-Phase Flow in Helical Coils

This chapter presents content and results from studies and patents on flow in helical coils. The
studies are aimed towards investigation of flow characteristics, or for separation purposes, in

helically coiled pipes.
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3.6.1 Simulation and experimental study of phase segregation in helical pipes:

A new method for flow conditioning
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Figure 3.11: Top view of the experimental helical coil setup (da Mota and Pagano, 2014).

The report Simulation and experimental study of phase segregation in helical pipes: A new method
for flow conditioning (da Mota and Pagano, 2014) investigate multiphase flow in helical pipes.

The main goal with the report was to study multiphase behaviour in helical coils and the use of

a helical coil as flow conditioner. A one-loop helical coil with horizontal coil axis was investi-

gated, as shown in Figure 3.11. Numerical simulation was conducted with CFD-software. The

simulation was based on the Euler-Euler multiphase model, with oil as primary phase. Water

and gas was considered as droplets and bubbles in the oil.

In the numerical simulation, the influence on phase segregation by changing pipe inner di-
ameter, gas and liquid flow rates, helical curve radius, number of loops, and gas bubble diameter
was tested.

An inner diameter of 25.4 mm (1 inch) was expected to increase fluid velocity and also in-
crease the centrifugal force. Still, the results showed phase segregation with a more distinct gas-
liquid interface for a 50.8 mm (2 inch) inner diameter pipe. It was noticed that further increase
of inner diameter would again reduce the quality of phase segregation.

At constant liquid flow rate of 2 kg/s, increasing the gas flow rate from 0.0035-0.5 kg/s seemed
to improve the segregation up to 0.01 kg/s. Above this value the gas volume fraction increased
significantly. At constant gas flow rate of 0.0035 kg/s, increasing the liquid flow rate from 0.5-8.0
kg/s did not seem to improve segregation. Below 0.1 kg/s the gravitational force overcame the
centrifugal halfway through the coil.

Increasing the curvature radius gave reduced centrifugal force. This affected the flow es-



CHAPTER 3. STUDY OF SEPARATION PRINCIPLES 36

pecially at the highest point of the coil. Here the gravitational force became larger than the
centrifugal, and reduced the phase segregation effect.

The number of loops was increased, showing just small changes in the gas-liquid interface
distinction. The results from the simulations showed that after about one quarter of the helical
coil loop a stratified type of flow could be recognised, including a clear gas-liquid distinction.

For the gas bubble size adjustment it was shown that for small bubble diameter of 0.001 mm,
phase segregation was hardly obtained. A bubble diameter of 0.1 mm or more gave a distinct
gas-liquid interface at the outlet of the coil.

The practical experiments were conducted in a setup with 3 inch inner pipe diameter, cur-
vature radius of 14.3 cm, pitch of 10 cm, and for various gas- and liquid flow rates. Figure 3.11
shows the observation sections before and after the helical coil. Photos documented the results
of the experiments. The experiments were conducted using air and water flow. At the coil outlet
(section C) a wavy stratified flow pattern was observed. The lower region of the pipe cross-
section mainly contained liquid, the middle region had a layer of gas-liquid mixture, while the
upper region mainly contained gas. The results from the experiments were similar to the re-
sults from the numerical simulation. The report concludes that the simulated and experimental

results indicate that a helical coil can be used as a flow conditioner.

3.6.2 Structure of air-water two-phase flow in helically coiled tubes

The report Structure of air-water two-phase flow in helically coiled tubes by Murai et al. (2006)
presents an experimental study of air-water flow in coiled pipes. The main goals of the study
were to investigate the effect of centrifugal acceleration on flow regime and flow structure dis-
tribution. Figure 3.12 illustrates the complete experimental set up, consisting of a pipe with 20
mm inner diameter, curvature radius of 27.0 cm and 37.5 cm, and five number of loops. Total
superficial velocities of up to 6 m/s were studied. A straight pipe section with equal dimen-
sions was used to compare flow regime between coiled and straight pipes. Flow regime and flow
structure interfaces were photographed with a high-speed video camera, capturing side- and
top view of the pipe simultaneously.

Flow regime maps presented parts of the experimental results. It was found that the centrifu-

gal force affected the flow regime transition lines compared to the straight pipe flow regime map.
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Figure 3.12: Experimental set up (Murai et al., 2006).

Figure 3.13 illustrates slightly elevated transition line between bubbly and plug flow (45°line) for
increased curvatures. Murai et al. (2006) states that the reasons was due to enhanced bubble
coalescence in the curved pipes, as a result of increased bubble collision frequency induced by
secondary flow in the liquid phase. Additionally, it was observed that air bubbles accumulated
in the inner region of the curved pipe also enhancing coalescence. This reduced the required
axial flow length to achieve transition from bubbly to plug flow.

Other results from the study were presented in time-expansion images. This enabled to
study the fluid distribution throughout one complete loop, as several sub-pictures with short
time intervals were joined in one picture. For plug flow regime, the front part of air plugs pointed
outwards through the loop, while the rear part of the plugs were located in the inner region. The
reason was assumed to be that the highest axial velocity is biased to the outer half of the pipe
cross-section because of secondary flow in the liquid part in front of the plug. Another obser-
vation was that the effect of increased liquid flow rate, or decreased curvature radius, shortened
the interval distance between two air plugs. For cases with high total superficial velocity (>3
m/s), the air phase was mainly located in the inner pipe region due to the average static pres-
sure gradient caused by the centrifugal force.

Analysis of phase velocities proved interesting results. For straight pipes, the gas phase has
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similar -or higher- flow velocity than the total superficial velocity. For high velocities in curved
pipe flow, the air phase accumulated in the inner region allowing the liquid phase to accelerate
without obstruction of air bubbles in the outer region. This caused a negative slip effect by the

air phase on the water phase.
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Figure 3.13: Flow regime maps for (a) straight inclined pipe, and helically coiled pipes with cur-
vature radius of (b) 37.5 cm and (c) 27.0 cm (Murai et al., 2006).

3.6.3 Gas-Non-Newtonian Liquid Two-Phase Flow in Helical Coils

The publication Gas-Non-Newtonian Liquid Two-Phase Flow in Helical Coils by Mujawar and
Rao (1981) presents an experimental study on flow patterns, holdup, and pressure drop. The
experimental setup featured a pipe with 12.1 mm inner diameter, coiled at curvature radius of
8.2 cm, 12.7 cm, 30.5 cm, and 60.5 cm. The gas phase in the experiment was air, while the liquid
phases were water and two aqueous polymer solutions. Gas superficial velocities were in the
range 0.1-12 m/s, and liquid superficial velocities in the range 0.017-1.89 m/s.

For the interest of this report, the results of the flow pattern study are elaborated. The flow
regimes observed for low and medium water rates with increasing air rate were elongated bub-
ble, stratified, slug, and annular mist. For high liquid water rate with low to medium air rates,
dispersed bubble and slug flow were observed. The stratified flow regime in straight pipes ob-
served for low air and water rates, differed from the coiled pipe flow as it was affected by cen-

trifugal forces, resulting in "early onset of slug flow". In addition, Mujawar and Rao (1981) states



CHAPTER 3. STUDY OF SEPARATION PRINCIPLES 39

(AP/AL 8, ) Cm OF WATER/Cm
STRATIFIED

SYMPBOL "SL Cmis
o s |
= 66
VvV | s ]
SYSTEM : AIR - WATER oo
A 151
o} ] LI.IILJ.![ 1 11|h1||1 L [T S B YIS |
10 101 10 w0

VSG +10,Cm/ 5

Figure 3.14: Flow regime map for helical coil with curvature radius of 8.2 cm. Excerpt of figure
in publication by Mujawar and Rao (1981).

that "the slug flow was found to be more dominant in the helical coils and the stratified flow was
confined to a narrow gas rate range".

For the coil with 8.2 cm curvature radius and liquid flow velocity lower than 1.24 m/s, the
air velocity range with stratified flow was approximately between 1.1-1.8 m/s. For air rates be-
low this value, the flow regime had elongated bubbles. For liquid flow velocity of 1.51 m/s, the

dispersed bubble flow developed to slug flow above approximately 1.8-1.9 m/s.
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3.6.4 Experimental Research and Numerical Simulation on Gas-Liquid Sep-
aration Performance at High Gas Void Fraction of Helically Coiled Tube

Separator

b2
Outlet

Figure 3.15: Helical pipe separator unit (Zhang et al., 2014).

Zhang et al. (2014) presents an experimental and numerical study of gas-liquid separation in
helical coils, aimed to simulate separation of denser phases from wet natural gas. A nine-loop
helically coiled pipe with inner diameter of 25 mm and a curvature radius of 15.0 cm was used.
Figure 3.15 illustrates the helical coil and the experimental set up, also showing the downwards
flow direction in the coil. Gas-phase drainage holes were made on the inner pipe region from
the 5th loop of the coil. The holes diameters were 3 mm and they appeared at every quarter (90°)
of each loop, located 3°above horizontal centre of the cross-section.

The simulated wet gas flow was made with compressed air flow and a nozzle for injection of
atomised water. At the inlet of the separator the air-water mixture flow velocities ranged from
5-18 m/s, and air void fractions ranged from 88-97%.

Figure 3.16 illustrates the effect of inlet velocity and void fraction on the achieved separa-
tion efficiency. For constant void fractions and increasing flow velocity (left plot), an increase
of separation efficiency evolves until 13 m/s. At this point, for void fraction of 93%, the highest

efficiency of 95.2% was achieved. Increase of velocity from 13-15 m/s seemed to decrease the
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efficiency, again followed by an increase of efficiency for velocities above 15 m/s. Zhang et al.
(2014) explained this as the increase of velocity caused increase of centrifugal force, which en-

hances the separation effect. Simultaneously the increased velocity caused breakage of droplets,

i.e. decrease of liquid droplet size, which decrease the efficiency.

For constant velocities and increasing void fraction (right plot), a similar efficiency pattern
is observed. For all four velocities, the maximum efficiency is reached in the range 93-94% void
fraction. Zhang et al. (2014) states that larger void fraction force liquid droplets toward the pipe
wall, and forms a pure gas-core in the centre of the pipe, both enhancing the separation. Fur-

ther increase of void fraction decrease the efficiency due to causing a liquid mist flow pattern,

allowing the gas phase to extract liquid through the drainage holes.
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Figure 3.16: Effect of inlet flow velocity and void fraction on separation efficiency. The left plot
illustrates the effect of increased flow velocity at four constant void fractions, the right plot illus-
trate the effect of increased void fraction at four constant inlet velocities (Zhang et al., 2014).
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3.6.5 AnlInvestigation on Oil/Water Separation Mechanism inside Helical Pipes

Figure 3.17: Helical pipe separator unit (Zhang et al., 2006).

The report An Investigation on Oil/Water Separation Mechanism inside Helical Pipes (Zhang
et al., 2006) consider an oil-water separation unit as shown in Figure 3.17. The main compo-
nent of the unit is a helical coil with several loops, featuring water drainage holes along the
outer walls of the pipe. Numerical simulation was conducted with CFD-software, based on the
Euler-Euler model and a discrete phase model. The water phase was considered as droplets in a
primary phase of oil.

Two numerical simulation was conducted, the latter with improvements learnt from the
first. The first simulation was performed without drainage holes. Results confirmed the effect of
droplet size, where larger water droplets gave quicker phase segregation. For droplet diameter
of 5 mm, high water fraction in the lower and outer part of the pipe was obtained after one loop.
Additionally geometrical upgrades were made, including shorter curvature radius (40.0 cm to
15.0 cm) and smaller inner pipe diameter (40 mm to 22 mm).

The second simulation included 18 water drainage holes in the last three loops out of 15.5
loops. The drainage holes resulted in a change of oil volume fraction, from 44 % at coil inlet to
64 % at the coil outlet.

The practical experiment was conducted on two different coil geometries and two different
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oil types. The first geometry had curvature radius of 40.0 cm and inner pipe diameter of 40
mm. The second had curvature radius of 15.0 cm and inner pipe diameter of 25 mm. The main
difference of the two oil types was the viscosity being 20 cP and 70 cP, with respective densities
of 836 kg/m3 and 874 kg/m3.

An important result from one of the experiments is that the low viscosity oil, in combination
with high flow rate, had no separating effect. This indicates that a stable accumulation of wa-
ter phase in the outer pipe section was not obtained, and not only water was drained. For the
experiment with the same oil but smaller pipe diameter, higher flow velocity gave higher cen-
trifugal force resulting in a water cut reduction of 22 %. As a comment on the experiments on
the high viscosity oil, the report concludes that the number of drainage holes caused significant
reduction of flow rate. Even though the water cut was reduced with approximately 80%, the flow

rate at the outlet was far below an acceptable level.
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3.6.6 Apparatus and Method for Separating Water from Crude Qil
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Figure 3.18: Apparatus for separating water from crude oil (Al-Yazdi, 1991)

The figure shows the complete idea of a vertical spiral separator unit. A flow containing water
and oil, for example a well stream, can be led to the lower right inlet numbered 12 on the figure.
The flow is led into several loops, going upwards in the helical coil. The upward configuration
is said to enhance the separation efficiency, contrary to a downward configuration. As water
droplets are continuously forced downward in the circular pipe cross-section, the droplets are
swept along the pipe wall outwards and upwards when flowing in the coil. The total force on the
fluid changes angle as the gravitational force is accompanied by the centrifugal. The centrifugal
force will be strongest for the densest liquid. Accumulation of liquid with high density in the
outer section of the pipe is obtained. This unit is designed with a helical coil of totally seven
whole loops. The last four loops are meant to be equipped with drainage points at the outer

section of the pipe, one for each loop. At the outlets, mainly the densest phase will be drained
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from the coil and collected in the tank located in the centre of the coil structure. Fractions of
the lighter phase collected in the tank will accumulate as an upper layer in the tank, caused by
gravity settling. The light phase can be led through a return line from the upper region of the

tank back into the coil pipe.

3.7 Discussion of the Helical Coil Principle

To obtain a compact separation system, the principle of utilising centrifugal forces is consid-
ered the most applicable. The efficiency of the gravity settling principle is dependent on large
separator vessels due to the required residence time. The driving force achieved in a centrifugal
separator is larger than the gravitational force, therefore reducing the required residence time
and vessel size.

The compact separation system is convenient for topside facilities striving for limited space.
For subsea installations, reducing the size of the system will lower the overall cost of the subsea
station, allow for deeper water applications, and enable more agile interventions. However,
Hannisdal et al. (2012) states that "reducing the size of separators generally reduce the separation
performance and the robustness to handle fluctuations in flow rate and composition". Compact
separation system brings both advantages and challenges, which emphasise the need of further
research and development of the technology.

The method of using helically coiled pipes for enhancing centrifugal forces is not commer-
cially applied, but research and experiments show promising effects.

The optimal effect of introducing a multiphase flow to a coiled pipe would be to achieve a
stable and layered phase distribution. It is critical to obtain a reliable phase distribution, en-
abling to separate or drain the different phases. da Mota and Pagano (2014) presented experi-
mental results for air-water flow in a one-looped coil, showing a transition from bubbly to wavy
stratified flow pattern. Murai et al. (2006) presented results on air-water flow in five-looped
coils and observed accumulation of air bubbles in the inner region of the pipe. This proved that
buoyant forces act on the bubbles and cause migration towards the centre of the coil. He further
states that bubble coalescence is enhanced in curved pipe flow due to occurrence of secondary

flow, which may explain the accelerated transition away from bubbly flow. However, both Murai
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et al. (2006) and Mujawar and Rao (1981) report that the transition from bubbly flow patterns
mainly result in plug or slug flow?. It seems as the flow regimes are dominated by the individual
gas and liquid flow rates, but also depends on factors like coil radius, number of loops, and pipe
diameter.

Regarding subsea applications, the cyclone separators are vessel-based systems and require
more attention due to ambient pressure. The in-line systems are based on more robust T-pipe
design, but still require internal swirl-elements and separation chambers. A helically coiled pipe
would possess similar pressure containment capabilities as regular pipes, and does not require
internal elements, making it more suitable for subsea installations. The coiled pipe itself would
be the only required feature to achieve centrifugal forces and separation effects.

Existing centrifugal separators normally discharge the separated phases through individual
pipe outlets for each phase. Discharge of phases in a helical coil is proved possible by drainage
holes in the pipe wall. Zhang et al. (2006) performed experiments with oil-water flow, utilising
coils with drainage holes in the outer pipe wall to discharge the denser water phase. The oil-
water separation obtained maximum water cut reduction of 80%, but the amount of drainage
holes caused substantial reduction in total flow rate. Zhang et al. (2014) performed experiments
with air-water flow, at high void fraction, utilising coils with drainage holes in the inner pipe wall
discharging the air. By tuning the air void fraction and total flow velocity, a separation efficiency
of 95.2% was obtained.

Depending on the achievable effects in a helical coil, the practical application could be phase
separation or flow conditioning. The project group desires to observe the coiled pipe flow phe-
nomena, and study the possibilities of using a helical coil as a phase separator. Additionally, it is
desired to investigate whether the air-water experiments can represent a full-scale hydrocarbon

production scenario.

2Mujawar and Rao (1981) observed stratified flow pattern only for a narrow range of gas flow rate.



Chapter 4

Experimental Study

This chapter describes the laboratory experiments conducted in this project. The chapter in-
cludes description of the experimental set up, study of required coil geometry, how results were
obtained, and details on the execution of the experiments. At last, the obtained results and effect
of various parameters are discussed. A complete overview of measurements and observations

are found in Appendix A.

4.1 Experimental Set Up

Simplification of the experimental set up was considered while putting the main goals in per-
spective. Configuration of a simple system included operation with one cohesive pipe that al-
lowed for simple replacement to change pipe diameter, and modification of number of loops,
and curvature radius. The helical coil section was required to be transparent such that identifi-
cation of flow characteristics, and the flow development in the helical coil could be studied and
documented. In order to fulfil these criteria the pipe had to be flexible and transparent. The
simplest and cheapest solution was to use a PVC-hose for the experiments.

Tap water was used as water source, hence the water flow rate was limited by the perfor-
mance of the tap water system. An air compressor system worked as the air source for the ex-
periment. Separate pipes from the water and air sources were led to a commingling point, con-
sisting of a T-pipe with two inlets, one for air and one for water. Each inlet was equipped with

a control valve for flow regulation. Upstream the commingling point, the water flowed through
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a 3/4 inch pipe and the compressed air flowed through a 1/2 inch pipe. These pipes were fixed
without further adjustments. In the T-pipe, the two phases were commingled and a multiphase
flow containing air and water was obtained. The commingled phases flowed from the T-pipe to
the helically coiled pipe section. For most variations of flow rates, the flow regime upstream the
helical coil was recognised as a bubbly flow.

To enhance the quality of the experiments and control the water and air flow rates, flow
metering instruments were installed. A turbine meter was used to measure the water flow rate,
and a mass flow meter was used to measure the air flow rate. The flow meters were installed
upstream of each flow control valve at the T-pipe inlets.

The commingled phases flowed from the T-pipe outlet through the transparent PVC-pipe
until it reached the helically coiled section. Approximately 30-40 cm upstream and downstream
of the coiled section was fixed as straight pipe sections. From here, the two-phase stream went
through about 10-12 m of pipe, and exited into a drainage pool.

The helical coil section was desired to enable quick and simple re-configuration. This was
obtained by coiling the flexible PVC pipe around cylindrical objects for any number of loops.
To fix the coil geometry for each configuration, tape and strips proved to be sufficient up to a
certain level of air flow rate. High air flow rates caused heavily pulsating flow. The total length of
the flexible pipe enabled to coil as many loops as desired around the objects. With this solution,

different number of loops and curvature radii could be examined in a short amount of time.

4.2 Helical Coil Geometry

The helically coiled pipe section was required to apply a significant centrifugal force to the mul-
tiphase flow. From the equation of circular motion, the centrifugal acceleration is governed by
tangential flow velocity, v, and the curvature radius, R, of the coil. Higher velocity and smaller
radius cause higher centrifugal acceleration. Equation (4.1) is used to calculate the amount of
centrifugal acceleration obtained by the different flow scenarios in terms of ratio to gravitational
acceleration, g. Figure 4.1 illustrates the ideal helical coil geometry and the main dimensioning

parameters.
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Figure 4.1: Illustration of parameters describing the helical coil geometry, where d is the inner
diameter of the pipe, P is the pitch, and Ris the curvature radius.

Table 4.1 shows theoretically obtainable centrifugal acceleration for three different pipe di-
ameters, as a function of curvature radius and fluid flow rate. When selecting pipe diameter
for the experiments, the limited flow rate from the tap water system had to be considered. As
seen in Table 4.1, a 1 inch pipe diameter requires significantly larger flow rate than the smaller
diameters to obtain high centrifugal acceleration. In order to reach an interesting amount of
centrifugal acceleration, 3/4 and 1/2 inch pipes were selected. The obtainable higher levels of
centrifugal acceleration for these diameters were assumed sufficient to give an indication of
phase separation potential. A potential problem with the smaller diameter was thought to be
the visibility of phase distribution.

Due to uncertainty of required centrifugal exposure time to achieve phase separation, ad-
justable number of loops in the helical coil was desired. The studies conducted by da Mota and
Pagano (2014) and Zhang et al. (2006) indicated that phase separation effects could be observed
within one loop, depending on density difference and droplet/bubble size of the phases. In the
experiment of this report, the density difference was large (air and water) but droplet/bubble
sizes were arbitrary. Hence the effect of various numbers of loops was studied. Another uncer-

tainty was the effect of pitch length, but (da Mota and Pagano, 2014) stated that the pitch of the
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Table 4.1: Table of obtainable centrifugal acceleration.

Centrifugal acc. (g)
Pipe diameter Curvature radius
10l/min 201/min 401/min 601/min

0.05m 3.5 14.1 56.5 127.0
1/2" 0.10 m 1.8 7.1 28.2 63.5
0.15m 1.2 4.7 18.8 42.3
0.05m 0.7 2.8 11.2 25.1
3/4" 0.10 m 0.3 1.4 5.6 12.5
0.15m 0.2 0.9 3.7 8.4
0.05m 0.2 0.9 3.5 7.9
1" 0.10 m 0.1 0.4 1.8 4.0
0.15m 0.1 0.3 1.2 2.6

helical coil had low influence on fluid behaviour. With this in mind, the solution to enable easy
adjustment of number of loops in the experiments was to let each loop rest on the loop below.
Then the pitch would equal the outer diameter of the pipe, and changing the number of loops
could be done quickly without any additional adjustments.

To change the curvature radius during the experiments, different circular objects for which
the pipe could be coiled around were required. Configuring the helical geometry in this manner
was left to objects available. The main criteria for the elements were uniform cylindrical, or
conical, outer shape, and if possible some weight for stability. Several randomly found objects
appeared to fulfil the criteria, including plastic and metal trashcans, and smaller sized paint
cans. Mainly three different objects were selected for the experiments, with curvature radius

ranging from 4.9-18 cm.

4.3 Obtaining Data

The data from the experiments was obtained by observation and flow rate measurements. An
overview of the data is found in Appendix A. Visual observations was logged by the project group

during the experiments and captured with close-up photographs of the transparent pipe. The
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photographs enabled to distinguish between the air and water phases inside the pipe, making it
possible to observe potential phase segregation. To follow the flow regime development through
the helical coil, photographs was taken at the straight pipe section upstream the helical coil, at
90°-, 180°-, and 270°angels of the helical coil, and at the straight pipe outlet downstream of the
coil. When possible, the pictures were shot from side and top view of the current pipe section.
This was not possible in the case of more than one loop due to the second loop overlap the
previous and so on.

The camera used was a Canon EOS 650D with 18-55 mm lens and most pictures were cap-
tured with flash, 1/200 s shutter speed, and a resolution of 18 mega-pixels. The shutter speed of
1/200 s (5 ms) was sufficient to avoid motion blur in the pictures. Attempts with video recording
of the flowing fluids were performed, but available video-equipment had maximum recording
frequency of 120 frames per second. This was insufficient to follow the sudden change of motion
in the water-air flow.

Measurement of water flow rate was performed with a turbine meter, installed in the water
feed line upstream the commingling point of water and air. The working principle of the turbine
meter is the transition of linear liquid motion to angular rotation of a rotor. The liquid acts on a
freely spinning multi-bladed rotor inside the flow meter housing. The angular rotation velocity
of the rotor is directly proportional to the volumetric flow rate (Liptak, 1993). RS Components
delivered the turbine meter used in the experiments and details are found in Appendix A. The
flow meter generated an output signal value in volts, which was converted to volumetric flow
rate. The signal was read off with a connected multimeter, where the range 2-10 V corresponded
to 0-100 I/min.

Measurement of air flow rate was performed with a thermal mass flow meter, installed in
the air feed line upstream the commingling point. The working principle of the thermal mass
meter is measurement of temperature difference between two heated resistance thermometer
elements. As the air flow rate increases, the difference in temperature between the two elements
increase (Bronkhorst High-Tech, a). Details on the mass meter is found in Appendix A. Similar
to the turbine flow meter, a multimeter was connected to the mass meter to read off output
signal voltage, which was converted to volumetric flow rate. The range 0-5 V corresponded to

0-30 1/min.
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During the execution of experiments, each set of measured values and captured observa-
tions was logged and marked with the same time. This enabled post-experiment analysis be-

tween the different sets of measurements and observations.

4.4 Characterisation of Flow Regimes

Table 4.2: Flow regime characteristics for experiments

Flow regime types

Character Description

B Bubbly
B+ Bubbles coalesced (larger bubbles / small pockets)
P Plug / transitional (large air pockets)
S Slugs (very large air pockets, top to bottom of pipe)
Character: B Character: B+

Figure 4.2: Flow regime characteristics

In order to give a simple description to every measurement during the experiments, they were
given a character describing the flow regime. The different characterisations are shown in Table
4.2. Flow regime descriptions together with flow rate measurements was used to analyse the

phase distribution for a variety of coil configurations and different flow rates.
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Figure 4.2 refers to each flow regime character as captured in photographs during the exper-
iments. Character B is clearly identified by a continuous steady flow with small air bubbles and
evenly distributed throughout the loop. Character B+ describes a steady flow, but coalescing
of air bubbles forms larger bubbles or small air pockets. The character P describes transition
to unstable or pulsating flow, recognised with large air pockets forming plugs in the system. At
last, character S describes heavy unstable flow with very large air pockets forming alternating

air plugs and water slugs.

4.5 Execution of the Experimental Study

The first phase of the experiment regarded assembly of the system, testing, observation and ad-
justments in order to get familiar with the system. This included testing of camera settings and
background to optimise documentation of the experiments. For all the different experiments,
the flow regime upstream of the helical coil was recognised as bubbly flow.

The experiments started with a 3/4 inch pipe, as this was believed to show phase distribu-
tion in the coil better than smaller diameter pipes. Testing of this system gave results that were
somewhat unexpected. The system experienced heavy pulsation when reaching a certain level
of air flow rate. Above this level the flow characteristics became increasingly unstable, resulting
in a slug-like flow. Stable flows were only obtainable for small amounts of air in the system. After
an evaluation of this experiment the pipe diameter was reduced. The reason for unstable flow
was thought to be low centrifugal acceleration, and the 3/4 inch pipe was difficult to coil around
smaller curvature radii. The rest of the experiments were conducted with a 1/2 inch pipe, which
had improved flexibility for coiling around smaller curvature radius and additional number of
loops. The 1/2 inch pipe also ensured higher centrifugal acceleration, due to higher flow velocity,

which hopefully enhanced the phase separation.

4.5.1 Ex.1 -3/2inch pipe and 18 cm curvature radius

The first experiment included a 3/4 inch transparent pipe helically coiled in one loop. Table 4.3
present the experimental results calculated from flow rate measurements for each phase. For all

measurements the water flow valve was opened 100%, although the water flow rate was affected
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Table 4.3: Experiment 1 - 3/4 inch pipe and 18 cm curvature radius

ID qw qg qtor a a Regime
Experiment 1
[-] [/min] [/min] [I/min]  [-] (g] [-]

1.1 51.88 0.00 51.88 0.000 5.2 -

1.2 50.75 0.22 50.97 0.004 5.0 B+

1.3 50.13 0.73 50.86 0.014 5.0
1loop

1.4 49.81 1.95 51.76 0.038 5.2

1.5 49.56 3.65 53.21 0.069 5.5

w»vw » w» =

1.6 49.50 7.04 56.54 0.124 6.2

as air was let into the system. When trying to add number of loops around lower curvature radii,
the 3/4 inch pipe suffered deformation of cross-sectional geometry.

The 3/4 inch pipe ensured a high volumetric flow rate through the system, reaching 56.5
l/min. However, even at the highest total flow rate, the centrifugal acceleration reached only
6.2 g. This implied a smaller amount of separation force working on the flow through the helical
coil. Explicitly, Table 4.3 expresses the separation quality in flow regime characteristics.

Throughout the observation of the experiment, the coil seemed weak towards air flow. In-
creasing the amount of air into the system soon showed problematic as bubbles easily coalesced
into larger air pockets.

For an air flow rate as low as 0.22 1/min stable separation was achieved around the loop. As
the air rate was increased to 0.73 1/min the flow became unstable, transforming to plug flow
with larger air pockets. At 1.95 1/min, slug flow occurred after the first quarter of the loop. When
reaching 3.65 1/min the flow had slug formation at inlet, throughout the coil, and after. Increas-
ing the air flow further resulted in more intense and chaotic slug flow.

The execution of this experiment revealed relatively low centrifugal acceleration in the heli-
cal coil and low threshold against unstable flow characteristics. The flow regime evolved towards
plug and slug flow even at low air rates, hence this system appeared to be unable to separate the

two phases.
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4.5.2 Ex.2-1/2inch pipe and 16.1 cm curvature radius

Table 4.4: Experiment 2 - 1/2 inch pipe and 16.1 cm curvature radius

ID quw dg qtot a a  Regime
Experiment 2

[-] [/min] [/min] [I/min]  [-] (g] [-]

2.1 32.63 0.00 32.63 0.000 11.6 -

2.2 30.63 0.11 30.74 0.004 10.3 B

2.3 26.88 1.38 28.26 0.049 8.7 B+
1loop

24 25.00 2.74 27.74 0.099 8.4 P

2.5 23.75 4.68 28.43 0.165 8.8 S

2.6 23.13 8.20 31.33 0.262 10.7 S

2.7 28.75 1.00 29.75 0.033 9.7 P
3 loops

2.8 25.63 4.40 30.03 0.147 9.9 S
6 loops 2.9 30.00 0.48 30.48 0.016 10.2 S

The reduction of pipe diameter from 3/4 to 1/2 inch increased the flow velocity and centrifugal
acceleration. As seen in Table 4.4, the maximum total flow rate in this system was reduced with
approximately 24 1/min compared with Experiment 1. The smaller diameter pipe enabled in-
creased number of loops and to be coiled around lower curvature radius without significant
deformation of the cross-section. The water control valve was 100% open throughout this ex-
periment. The highest centrifugal acceleration achieved with multiphase flow was about 10.7
g, almost two times that in Experiment 1. Transition to unstable plug flow occurred at an air
flow rate of 2.74 1/min, in the last quarter of the loop. Comparing this with Experiment 1, the
amount of air should be in terms of void fraction due to different diameters and total flow rate.
This proved that plug flow in this experiment appeared at almost 10%, compared to about 1.4%
in Experiment 1.

Despite the improvement, plug and slug flow was still an issue when air flow rate exceeded
2.7 1/min. When increasing the number of loops in the coil from one to three, the threshold
for appearance of plug flow was reduced to about 1 1/min, or 3.3% void fraction. Increasing

the number of loops to six resulted in heavy slug flow in the coil already at air flow rate of 0.48
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1/min, or 1.6% void fraction. Because of these observations, decreasing the curvature radius
further was desirable to see if the separation effect could be improved.

This helical coil configuration proved some potential, as to be a more robust separation sys-
tem. Causes are related to the reduction of pipe diameter, which increased the flow velocity and
the centrifugal acceleration. Increasing number of loops in the helical coil resulted in slug flow

at lower air flow rates than for one loop.

4.5.3 Ex.3 - Y2inch pipe and 8.6 cm curvature radius

Table 4.5: Experiment 3 - 1/2 inch pipe and 8.6 cm curvature radius

ID quw qg qtot a a  Regime
Experiment 3
[-] [/min] [/min] [I/min] [-] (g] [-]

3.1 32.63 0.00 32.63 0.000 21.8 -
1 loop 3.2 27.19 2.38 29.65 0.080 17.9
3.3 23.75 7.31 31.06 0.235 19.7

34  29.38 1.66  31.04 0.054 19.7
3 loops

3.6 29.50 1.07 30.57 0.035 19.1

p
S
P
3.5 25.13 4.40 29.53 0.149 17.8 S
S
6 loops 3.7 27.50 2.44 29.94 0.082 18.3 S

S

3.8 25.00 7.35 32.35 0.227 214

This experiment was conducted with 1/2 inch pipe and a curvature radius of 8.6 cm. The re-
duction of curvature radius from 16.1 cm in Experiment 2, approximately doubled the obtained
centrifugal acceleration. Table 4.5 shows that the highest centrifugal acceleration for multiphase
flow was 21.4 g. One, three and six loops in the helical coil were tested and the water valve open-
ing was kept at 100% throughout the experiment.

For one loop coil at an air flow rate of 2.38 1/min, equal to a void fraction of 8%, initiation
of unstable plug flow started in the last quarter of the loop. Despite the decrease of curvature

radius, this experiment showed no significant improvements related to robustness against plug
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and slug flow formation. The result of adding number of loops proved similar to Experiment 2,

where plug and slug formation occurred at even lower air flow rates.

4.5.4 Ex.4-1/2inch pipe and 4.9 cm curvature radius

For this experiment the curvature radius was reduced to 4.9 cm, achieving a maximum centrifu-
gal force of 43.3 g. Contrary to the previous experiments, the water valve opening was not only
set to 100%, but also three different levels below 100%. In this case the number of loops in the
helical coil was fixed at one loop. Table 4.6 shows 27 measurements with different levels of water
and air flow rate.

In the case of water flow at Level 1 the system was especially sensitive to increase of air flow
rate. The total flow rate at this level ranged from 12-18 1/min, hence the centrifugal acceleration
was mainly between 6-7 g. At 1.9% air void fraction the flow became unstable, and a mixture
of large bubbles and plug flow was observed. Initiation of slug flow occurred at 5% air void
fraction. Further increase of air flow rate resulted in slug regime with heavy pulsation. In Level
2, the increased water flow rate indicated higher robustness against slug flow. The total flow rate
was in the range 18-22 1/min, with a corresponding centrifugal acceleration range of 12-17 g.
Transition from bubbly to plug flow occurred at 3.9% air void fraction. Plug flow was dominating
until an air flow rate of 3.84 1/min, equal to a void fraction of 19.1%, where the observations
proved transition to slug flow regime.

In Level 3, the further increased water flow rate indicated an even more robust system. Total
flow rate in this case ranged from 24-27 1/min. Stable bubbly flow was sustained at 4% air void
fraction, while an increase to 8% void fraction caused transition to plug flow. Transition from
plug to slug flow regime seemed to occur at about 26% void fraction.

In Level 4, the water control valve was fully open, and this appeared to be the most robust
system. The total water flow rate was in the range 29-35 I/min, giving centrifugal acceleration
between 32-43 g. A stable bubbly flow regime was sustained up to 5% air void fraction where
initiation of plug flow was observed. Plug flow regime was dominating from 7-28% air void
fraction. At about 33% void fraction a transition from plug to slug flow was observed at the

outlet section of the coil.
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Table 4.6: Experiment 4 - 1/2 inch pipe and 4.9 cm curvature radius

ID qw qg qtor a a  Regime
Experiment 4
[-]  [/min] [/min] [I/min] [-] (g] [-]
W(100%) 4.1 32.13 0.00 32.13 0.000 37.3 -
4.2 12.63 0.24 12.87 0.019 6.0 B+/P
4.3 12.38 0.66 13.04 0.051 6.1 S
1loop
4.4 12.00 1.68 13.68 0.123 6.8 S
Level 1
4.5 11.38 2.28 13.66 0.167 6.7 S
4.6 10.75 7.62 18.37 0.415 122 S
4.7 18.75 0.12 18.87 0.006 12.9 B+
4.8 17.88 0.72 18.60 0.039 125 P
1loop 4.9 17.50 1.02 18.52 0.055 124 p
Level 2 4.10 16.63 2.28 1891 0.121 129 p
4.11 16.25 3.84 20.09 0.191 14.6 P/S
4.12 15.25 6.48 21.73 0.298 17.1 S
4.13 24.50 0.36  24.86 0.014 223 B+
4.14 22.88 0.96 23.84 0.040 20.5 B+
1loop 4.15 22.50 1.92 24.42 0.079 215 P
Level 3 4.16  21.00 4.20 25.20 0.167 22.9 P
4.17  20.63 5.58 26.21 0.213 24.8 p
4.18 20.25 7.14 2739 0.261 27.1 P/S
4.19 30.25 0.36 30.61 0.012 33.8 B+
420  28.13 1.62 29.75 0.054 32.0 B+/P
4.21 27.25 2.28 29.53 0.077 31.5 p
1loop 4.22 26.50 3.48 29.98 0.116 325 P
Level 4 4.23 26.00 4.98 30.98 0.161 34.7 P
(100%) 424  24.88 6.24  31.12 0.201 35.0 P
4.25 24.38 7.89 32.27 0.245 37.6 p
4.26 24.00 9.18 33.18 0.277 39.8 P
4.27  23.19 11.43 34.62 0.330 433 S

58
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This experiment revealed the importance of liquid flow rate in the multiphase flow system.
Measurement 4.2 achieved tendencies to plug flow already at void fraction of 1.9%. However,
gradually as the water valve was opened to 100%, the system did not experience slug flow until

33% air void fraction.

4.5.5 Ex.5 - 1/2 inch pipe and 4.9 cm curvature radius

Table 4.7: Experiment 5 - 1/2 inch pipe and 4.9 cm curvature radius

ID qw qg qtot a a  Regime
Experiment 5
[-]  [/min] [I/min] [l/min] [-] (g] [-]

5.1 30.88 0.42 31.30 0.013 354 B+
5.2 28.94 0.99 29.93 0.033 324 p

3 loops
5.3 27.81 2.58 30.39 0.085 334 p
5.4 26.50 4.08 30.58 0.133 33.8 p
5.5 32.63 0.00 32.63 0.000 38.4 -
5.6 30.38 0.68 31.06 0.022 34.8 p
5.7 29.81 0.69 30.50 0.023 33.6 p
6 loops
5.8 28.63 1.59 30.22 0.053 33.0 p
5.9 27.38 3.12 30.50 0.102 33.6 P
5.10 26.63 3.86 30.49 0.127 33.6 S

This experiment was similar to Experiment 4 besides the use of more than one loop. Table 4.7
shows the various measurements with three and six loops, and the water valve control fully
open. As the previous experiments indicated, adding several loops to the coil resulted in transi-
tion from bubbly to plug and slug flow at lower air rates.

The three loop coil obtained plug flow at 3% air void fraction. No transition from plug to slug
flow was experienced up to 13% void fraction.

With the six-loop coil, a stable bubbly flow was hard to achieve as the transition to plug flow

occurred already at 2% void fraction. Transition from plug to slug flow initiated when reaching
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13% air void fraction.
This experiment was mainly affected by heavy pulsating plug and slug flow occurring at low
air rates. Because of the pulsation the helical pipe system itself became unstable, and testing of

higher air rates did not seem useful.

4.6 Effects of coil configurations and flow rates

This section discusses the measurements and observations obtained during the experiments.
The main focus is the flow behaviour and distribution of phases in the helical coil. The experi-
ments were conducted for several helical coil configurations and various flow rates. The config-
uration parameters of interest are assumed to be the number of loops, the curvature radius, and

the inside diameter of the pipe.

4.6.1 Effect of number of loops

The effect of number of loops on flow regime in the helical coil is discussed. To find potential
effects of number of loops, other parameters that can affect flow regime have to be fixed. In
this case the pipe diameter was 1/2 inch, the curvature radius 4.9 cm, and the water valve was
fully open for all the studied measurements. Besides the number of loops, air flow rate was the
only variable parameter. The pictures from the experiments were examined for each level of
air flow rate, and the flow regime in the helical coil was studied. The approximate location of
where transition from stable -smoothly distributed- bubbly flow to unstable bubbly-, plug-, or
slug flow appears was obtained. The reason for not using bubbly, plug, or slug as the only flow
regime indicators was due to the difference in flow behaviour from one loop coil to three and six
loop coils. In the one loop coil, plug or slug flow was not possible to recognise, even for high air
flow rates. In the three and six loops coils, deviations from stable bubbly flow was recognised
as transition to plug and slug flow, as explained in Table 4.2. The difference between stable and
unstable bubble flow distribution for the one loop coils are shown in Figure 4.3. The location
of regime transition for the studied measurements are illustrated in Figure 4.4. Be aware of the
different numbers of measurements -and different air flow rates- for each loop number.

Figure 4.4 clearly shows that one loop can take higher air flow rate than three and six loops
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Figure 4.3: Flow regime in one loop coil. Left picture shows stable bubbly flow with smooth bub-
ble distribution. Right picture shows unstable bubbly flow with irregular bubble distribution.
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Figure 4.4: Effect of number of loops and increasing air flow rate in coils with curvature radius
4.9 cm and 1/2 inch diameter. Blue colour indicates stable bubbly flow. Red colour indicates
unstable bubbly, plug, or slug flow.

without experiencing unstable flow. For one loop, unstable flow occurred for air flow rate some-
what above 3.5 I/min. The air flow range between 3.5-6.2 1/min seemed to move the point of
instability from the last quarter to the first quarter of one loop. Further increase of air flow rate,
above 6.2 1/min, did not seem to move the point earlier than the first quarter.

For three loops, unstable flow occurred for air flow rates above 0.4 1/min. The range of ini-
tiation of unstable flow was between 0.4-1.0 I/min. For rates above 1.0 I/min the location of
instability appeared in the third quarter of the first loop.

For six loops, unstable flow occurred within the last quarter of the first loop for all measure-
ments, even down to the lowest of 0.68 1/min. Stable flow through the coil was not achieved.
Another experiment with six loops was studied for comparison, experiment 2.9 with curvature

radius of 16.1 cm. This coil experienced initiation of unstable flow in the 4th loop at air flow rate
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of 0.48 1/min. It was therefore considered likely that for air flow rates lower than 0.68 I/min one
would observe initiation further downstream in the coil.

Despite the inability to determine accurately at which air flow rates the transition of flow
regime occurred, the trend in Figure 4.4 is clear. Increased number of loops, giving increased
coil length, lowered the limiting air flow rate for unstable flow.

A result of increased number of loops is the increased duration of which the flow is affected
by centrifugal forces. The average duration for one fluid particle in each helical coil was 0.075
s, 0.23 s, and 0.46 s, for 1, 3, and 6 loops, respectively. The durations are calculated based on
total superficial velocity, which was about 4 m/s for all the measurements in Figure 4.4. The
prolonged duration in the coil may enable increased magnitude of secondary flow, as it requires
some length to become fully developed. One important observation that disprove the reasoning
above is the fact that despite increased number of loops, Figure 4.4 shows that the initiation of
unstable flow occurs within the very first loop. Hence the fluids duration in the different coils -
until instability occurs- are very similar, just at different air flow rates. An alternative explanation
is proposed: increased number of loops, giving longer curved pipe length, causes an increase of
total axial pressure gradient for the coil. This increases the local pressure in front of -and inside-

the coil, which may enhance coalescing of air bubbles.

4.6.2 Effect of curvature radius
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Figure 4.5: Effect of curvature radius on flow regime in the coil and at the outlet of the coil.
Curve 1 =4.9 cm, and Curve 2 = 16.1 cm
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The variation in curvature radius had an influence on the flow regime in the helical coil system.
The diagrams below display the effect between two different curvature radii 4.9 cm and 16.1
cm. Both graphs represents the 1/2 inch pipe and one loop with the water control valve fully
open. The graphs are plotted for total flow rate versus air flow rate. The flow characteristics are
expressed throughout the plotted curves, where each colour represents a different flow regime.

Figure 4.5a and 4.5b shows deviation between the two plotted curves, both for total flow rate
and flow regime. Curve 1, with curvature radius 4.9 cm, seems to resist the transition from bub-
bly to intermittent flow better than curve 2, as it occurs at a slightly higher air rate. In addition,
curve 1 does not experience transition to slug flow within the tested air flow rates. In curve 2,
with curvature radius 16.1 cm, transition from bubbly, or plug, to slug flow occurs for air flow
rate of 4.6 1/min. The lowest curvature radius appears to enhance the robustness towards slug
flow. One of the main differences between the curves is the centrifugal force, where curve 1
obtains 32-40 g and curve 2 obtains between 8-12 g.

The distinctions between the flow rates of the two graphs are assumed to be a result of pres-
sure loss differences. As explained in section 2.8, and stated by White (2011), "The separation
and secondary flow losses decrease with R/d, while the Moody losses increase because the bend
length increases". This indicates that the total losses, like the increased moody-friction losses for
curve 2, exceeds the separation'- and secondary flow losses in curve 1. The cause is assumed to
be that the length of curve 2 was approximately 100 cm, and curve 1 was only 30 cm.

The effect of decreasing the curvature radii is a significantly larger centrifugal acceleration.
This implies a stronger separation impact on the two-phase flow. A shorter length of curva-
ture decreases the total friction losses, giving higher flow rate. Despite that the magnitude of
secondary flow essentially is larger in curve 1, due to its short curvature, curve 1 is still more
resistant to slug flow. This could be explained by the results from Vashisth and Nigam (2009),
where shorter curvature radii seemed to require longer developing length for the secondary flow,

hence the secondary flow might not reach its full strength.

Separation losses means that the fluid tend to flow away from the inner pipe wall, as a result of the sudden
curvature, causing a low pressure drag zone
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4.6.3 Effect of pipe diameter
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Figure 4.6: Effect of pipe diameter on flow regime in helical coil. Pipe diameter 3/4 inch, R = 18
cm, 6 = 0.05. Pipe diameter 1/2 inch, R=17.6 cm, § = 0.04.

The effect of pipe diameter on flow regime is discussed. The experiments were performed with
1/2 and 3/4 inch diameters. The 3/4 inch pipe was tested with one loop coil, curvature radius of
18 cm, curvature ratio of 0.05, and fully open water valve. The most comparable 1/2 inch pipe
coil configuration was with one loop coil, curvature radius of 17.6 cm due to the smaller pipe
diameter, curvature ratio of 0.04, and fully open water valve. Figure 4.6 shows the helical coil
flow regime for each pipe diameter as a function of increased void fraction. The 3/4 inch pipe
experienced transition from bubbly to plug flow between 0.4-1.4% void fraction, corresponding
to an air flow rate of 0.2-0.7 I/min. Increasing the void fraction further to about 7% resulted
in slug flow. The 1/2 inch pipe experienced transition from bubbly to plug flow between 5-10%
void fraction, corresponding to 1.4-2.7 I/min air flow rate. Plug to slug flow transition occurred
within 16% void fraction.

There is a clear difference in flow regime transitions between the two pipe diameters. The 3/4
inch pipe has a short range of stable bubbly flow, and a low tolerance for increased air fraction,
compared to the 1/2 inch pipe. An important issue as a result of diameter differences is the total
fluid velocity, which is between 3.0-3.3 m/s for the 3/4 inch and between 3.7-4.3 m/s for the

1/2 inch. The difference in velocities correspond to centrifugal acceleration of 5-6 g in the 3/4
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inch pipe, and 8-11 g in the 1/2 inch pipe. This gives reason to believe that higher centrifugal
acceleration prolong the region with bubbly flow.

Due to only testing two different pipe diameters, and the unequal velocities and geometry,
the effect of pipe diameter cannot be determined with certainty. Hence the effect of pipe diam-

eter on flow regime in helical coils needs more comprehensive research.

4.6.4 Effect of air and water flow rates
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Figure 4.7: Effect of water and air superficial velocities on flow regime in one loop helical coil,
with curvature radius 4.9 cm.

To study the flow regime in the coils for a wider range of water flow rates, a set of experiments
were conducted with partly open water flow valve. The experiments were done with 1/2 inch
pipe in a one loop coil with curvature radius of 4.9 cm. The process of obtaining measurements
started with the air flow valve closed and adjusting the water flow rate to a certain level below
maximum. When water flow rate was stabilised, the air flow valve was opened step by step. For
each step of increased air flow rate, both flow rates and flow regime in the coil was logged. A
total of three initial water flow rates below maximum were assessed. The results are presented
in Figure 4.7, showing the flow regimes at various air-water velocities. The black line highlights

the transition from bubbly to plug flow.
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As Figure 4.7 illustrates, higher water flow rates can reduce occurrence of plug or slug flow
at increasing air rates. At high water rates, the void fraction is low and the centrifugal forces are
high. At low water rates the void fraction increases, and the centrifugal force decreases, which

seem to strengthen occurrence of plug and slug flow.

4.6.5 Effect of helical coil orientation and geometry

Vertical and horizontal helical coil orientation were tested. Horizontal orientation was tested
with inlet and outlet at upper and lower position. For the upper position, air was below water
when reaching the coil outlet. At this point the gravitational forces overcame the centrifugal,
bringing the air above the water phase. For the lower position, the air and water phase was
distributed according to gravitational forces, when the centrifugal force subsided. Changing the
orientation of the coil did not seem to affect the flow regime. The effect of coil orientation was
examined visually, thus no specific remarks were achieved.

Cylindrical and conical helical coil geometry was briefly examined. An experiment was con-
ducted with a six-loop coil and radii ranging from 17 cm to 15.7 cm. The changing radius did
not seem to affect the flow behaviour. It is assumed that a larger change of radius is required to

influence the flow. Again, the experiment was based on visual observation.

4.7 Discussion of Experimental Results

The experimental part of this report was aimed towards the study of utilising helically coiled
pipes as a potential separator, or flow conditioner. The conducted experiments contained vari-
ations in flow rates, number of loops, curvature radii, and pipe diameters, in addition to the
orientation and geometry of the helical coil. The study was based on flow regime behaviour,
and phase distribution through the system. This section will discuss the applicability of the
technique, and factors that would enable it to become successful.

For the helical coil principle to become an adequate phase separator, or flow conditioner,
it would have to posses certain capabilities. The forces introduced in the coil would have to
enable a separation mechanism on a multiphase flow, resulting in a distinct and layered phase

distribution. It is essential to achieve a stable phase distribution in the system, allowing sepa-
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ration of the different phases. To be a flow conditioner, the helical coil is required to affect the

flow regime by reducing intermittent flow, or contribute in achieving other desired influences.

4.7.1 Occurrence of intermittent flow regimes

The governing issue with the air-water flow was the occurrence of intermittent flow regimes
inside the coiled section. Murai et al. (2006) stated that the accumulation of bubbles in the
inner pipe region allowed the liquid phase to accelerate without obstruction in the outer region,
such that air had a negative slip effect on the water phase. This could be an explanation of the
increased, and accelerated, occurrence of slug flow in curved pipes compared to straight pipes.
Adding to the statement above, it was believed that if the water phase travels faster than air in
the loop, the flow resistance downstream of the coil would counteract the acceleration, causing
local water accumulation inside the coil, and result in formation of water slugs.

An alternative explanation to the phenomena was that a larger frictional force acts on the
water phase in the outer pipe region inside the coil, reducing the water phase velocity. This
could cause water build-up similar to the reasoning above, with the difference that it is a result
of increased pipe wall friction.

The basic mechanism behind accelerated occurrence of intermittent flow in curved pipes is

not further assessed in this thesis.

4.7.2 Factors influencing the flow regime

The flow characteristics in the helical coil were dependent on a combination of factors. The flow
regime had a tendency to develop from bubbly to plug, or slug, as a result of increasing the air
flow rate. For low water rates, even slightly increased air rates caused intermittent flow. At high
water rates, a bubbly flow with stable phase distribution was maintained even for relatively high
air rates. This effect is assumed to be because low water rates imply higher void fractions and
lower centrifugal force because of reduced total flow velocity.

The effect of reducing the pipe diameter was a lower total flow rate, but increased total flow
velocity. This significantly increased the limit of void fraction where bubbly flow developed to

plug flow. The increased velocity, giving higher centrifugal force, seemed to be the main rea-
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son for improving the flow characteristics. However, the effect of pipe diameter is considered
uncertain due to the simplicity of this comparison.

Lowering the curvature radius, increasing the centrifugal force, improved the robustness
against slug flow at high void fraction. The lowered curvature radius reduces the coil length,
which seemed to slightly increase the flow velocity, indicating decrease of frictional pressure
loss.

Adding number of loops, extending the coil length, increased the occurrence of plug and
slug flow. The extended coil length caused higher frictional pressure loss, but also prolonged
the residence time where centrifugal forces act on the phases. It is assumed that the higher
frictional pressure loss enhance liquid hold-up, which could accelerate occurrence of plug and
slug flow.

The coil configurations that essentially would give a larger magnitude of secondary flow were
short curvature radii and high flow velocity. One would expect that secondary flow cause mixing
of fluids and disturbs the phase distribution, but this was not observed in these experiments.
A possible explanation is that the secondary flow effects are too weak to overcome the phase
distribution caused by density difference of air and water, and large centrifugal forces. If this
is true, the secondary flow could become a problem for multiphase flows with small density

differences, as water and oil.

4.7.3 Methods for separating the phases

Different methods to separate one of the phases from the coil were considered during the ex-
periments. Previous studies have utilised small drainage holes at the outer pipe wall for water
drainage (Zhang et al., 2006), and inner pipe wall for air drainage (Zhang et al., 2014). These
studies presented coils with several loops where a number of drainage holes gradually released
one of the phases. Drainage holes seem applicable for the experiments in this project that
achieved stable distribution of air bubbles, i.e. the one-loop coil experiments. The one loop coil
has shorter coil length, depending on its curvature radius, and would require efficient draining.
This could be solved with larger holes at short intervals.

The ideal position to drain from appears to be around the first half of the loop. This section

is generally characterised with a stable distribution of bubbly flow at the inner region, even for
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a wide range of void fractions. Initiation of plug or slug flow usually forms at later stages in the
loop, which would complicate drainage.

For the drainage hole solution to handle variation in void fraction, and reduce unintended
phase drainage, the holes opening should be adjustable. It is also proposed that the alignment
of drainage holes could be angled rather than perpendicular to the axial flow direction. This
may reduce pressure loss and disturbance of the main flow.

Other proposed solutions to separate the phases are splitting of the coiled pipe flow. The
splitting could be based on a converter from single-to-double pipe, e.g. Y-pipe. The splitting
should be in the coiled section, or immediately downstream, ensuring that the wanted phase
distribution is lead into each pipe. This solution would require a device that adjusts the amount
of gas and liquid that is lead into each pipe. Larger centrifugal forces are believed to vertically
align the gas-liquid interface inside the coil, defending a vertically oriented internal flow splitter.

To enhance the ability to handle varieties in gas-liquid ratio, solutions to measure the void
fraction in the coil are proposed. One solution is based on installing a slightly angled flap lo-
cated in the inner pipe region. The flap is preloaded, moving away from the pipe wall. It is
forced towards the pipe wall at zero void fraction, because liquid inertia overcomes the preload.
When gas void fraction increases, and gas accumulates at the inner region, the flap would move
towards the centre of the pipe following the liquid interface. The flap position would then rep-
resent gas-liquid distribution inside the pipe for bubbly and stratified flows.

Murai et al. (2006) installed a pressure sensor in the bottom inner region of the coiled pipe
to study pressure fluctuations. The results showed pressure variations depending on the instant
occurrence of passing liquid slugs and air plugs. This brings the idea of using pressure sensors

at several circumferential positions to estimate both flow regime and phase distribution.

4.7.4 Applicability as a flow conditioner

For the helical coil to operate as a flow conditioner, the flow regime achieved downstream of the
coil is important. For most of the experiments, the flow regime that developed inside the coil
was also observed downstream of the coil. However, images of the flow regime in a low curva-
ture radius coil with one loop indicated a transition of flow regime at the shift from curved to

straight pipe. A bubbly flow regime was seen throughout the coil, and images proved bubbly
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flow regime at 3/4 of the loop. Still, images of the coil outlet showed instant occurrence of air
plugs. A possible explanation is that despite the accumulation of bubbles in the inner region,
which together with secondary flow effects is believed to accelerate bubble coalescence (Mu-
rai et al., 2006), the bubbles are somewhat protected by the cross-sectional pressure difference
from the inner to outer pipe region. The lower pressure in the inner region could therefore pre-
vent coalescence, but when the pressure difference disappears, as the pipe turns straight, the
accumulated bubbles collapse and coalesce.

da Mota and Pagano (2014) achieved a wavy stratified flow downstream of a one loop coil
with bubbly inlet flow, indicating potential as flow conditioner. The main difference from da Mota
and Pagano (2014), was the 3 inch internal pipe diameter, compared to 1/2 inch in this project.
A stratified flow regime was never observed in the 1/2 inch pipe, and most of the results showed
bubbly inlet flow developing to intermittent flow regimes. The reason for not achieving stratified
flow in the 1/2 inch experiments is assumed to be that the air bubbles only migrate within the
water phase, having no free surface (air-water interface) to exit. In da Mota and Pagano (2014)
one could observe a bubbly water phase and an air void above the water, at the coil inlet. Inside
the coil the centrifugal force cause migration of air bubbles towards the air void, allowing the
bubbles to exit the liquid phase, resulting in a stratified flow.

This brings doubt to the applicability as a flow conditioner, and emphasise the need for fur-

ther research on the effect of pipe diameter.

4.7.5 Applicability for the helical coil principle

The helical coil experiments revealed abilities that could make it applicable as a type of phase
separator. The experiments reached high centrifugal forces, drawing similarities towards cy-
clone separators. The convenient geometry makes it especially suitable for subsea deep-water
developments. The configurations of the influencing factors will need to be assessed in order
to obtain the ideal flow regime for separation, or flow conditioner purposes. Thus, the helical
coil technology seems to prove its potential of becoming a phase separator, although further
research is required to avoid flow regime complications.

The experimental results indicate challenges of using the helical coil for separation pur-

poses. This is due to difficulties of achieving stable phase distribution and separating the phases
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efficiently from one another. However, the project group assume that for optimisation of the coil
configuration, the technology could be utilised as a coarse separator.

For flow conditioner purposes, the technology could be localised before a separator, or riser
base entrance. This could ideally eliminate heavy intermittent flow occurrences at process fa-
cilities. The experiments indicated that the coil did not improve intermittent flow. In fact, the

coil mainly developed occurrence of plug and slug flow, from bubbly flow.

4.7.6 Limitations and uncertainties

The piping in the experiments were transparent PVC pipes. The experience was that after some
usage it had a tendency of losing its transparency. In addition, the PVC pipe hardened and
became less flexible, causing difficulties handling and forming the system geometry. At several
occasions the pipe cracked as a result of wear.

The control valve regulators for air and water at the T-piece were sensitive, making it hard to
regulate a desirable flow. This caused irregular intervals between measurements. During test-
ing, the flow rates had a tendency to vary, increasing and decreasing, causing unstable readings.
This was due to instabilities in the compressed air system.

The pipe section between the T-piece and the helical coil was not fixed as a straight pipe. This
may have affected the inlet flow characteristics, even though it was mostly similar to a bubbly
flow. Ideally, this part of the system should be fixed in a straight line of a certain length, ensuring
fully developed flow.

The simplicity of using a PVC pipe and coiling around cylindrical objects naturally caused
some irregularities to the coil geometry. The internal cross-section could become slightly de-

formed, and gradient and pitch of each loop could vary.



Chapter 5

Level of Similitude between Experiments

and Full-Scale Flows

This chapter discuss the level of similitude between the experiments in Chapter 4 and full-scale
hydrocarbon production scenarios. The similarities are examined based on superficial veloci-
ties, and obtaining geometric, kinematic, and dynamic similitude. The main focus was to com-
pare between the 1/2 inch experimental pipe and a hypothetical 6 inch full-scale pipe. The flow
is compared to a full-scale hydrocarbon flow, both at standard and non-standard pressure and

temperature.

5.1 Superficial Velocity

In this section the superficial velocity is used as a similarity parameter between the experimental
water-air flow, and a hypothetical full scale oil-gas flow. The basic assumption of the compar-
ison is that the superficial velocities of liquid and gas in a full-scale pipe, are set equal to the
superficial velocities for water and air in the experiment. The calculated full-scale flow rates for
liquid and gas was then assumed to be "field condition" volumetric flow rates. To convert the
field flow rates to standard condition flow rates, a hydrocarbon compositionl was selected and
inserted in the software Hysys. The reason for selecting a condensate composition was because

it has low viscosity and could behave more similar to water. Pressure and temperature was set

1Condensate composition. See Appendix C for specifications
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Figure 5.1: Comparison between experimental flow rates in a 1/2 inch pipe and full-scale flow
rates in a 6 inch pipe, for equal superficial velocities.

to field conditions (100 bara and 100 °C) and to standard conditions (1.01 bara and 15 °C). The
software calculated the volumetric differences between standard and field conditions, which
was expressed by a volumetric flow ratio with dimensions Sm3/m?3, for each phase. The flow
ratio of the liquid phase equals the reciprocal of the oil formation volume factor.

Since the comparison converts field condition flow rates to standard condition flow rates by
use of one specific hydrocarbon composition the comparison is limited to represent this specific
composition only. As most of the experiments were performed with 1/2 inch pipe, the compar-
ison regards this pipe diameter only. In other words, variation in pressure and temperature at
field conditions are not evaluated.

Assuming equal superficial velocities, the relationship between water flow rate in the 1/2 inch
pipe and full-scale oil flow rate in a 6 inch pipe is shown in Figure 5.1a. The highest measured
water flow rate during the experiments was 32.6 1/min, which corresponded to a full-scale oil
flow rate of about 30 000 STB/D?. For the same water flow rate, but increasing the hypothetical
full-scale pipe diameter to 8, 10, or 12 inch, results in oil flow rates of about 52 900, 82 700, and
120 000 STB/D, respectively.

The relationship between air flow rate and full-scale gas flow rate is shown in Figure 5.1b.

The highest measured air flow rate was 11.4 1/min, which corresponded to a full-scale gas flow

2Stock Tank Barrels per Day
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Figure 5.2: Comparison of experiment flow rates to full-scale GOR.

rate of about 430 000 Sm3/D.

The relationships shown in Figure 5.1a and 5.1b are useful to find full-scale flow rates for
each phase individually. As most of the experiments regard various levels of water and air flow
combined, it was of interest to present the hypothetical full-scale flow in terms of a GOR3. The
GOR relationship is dependent of both air and water flow rate. The experiments were conducted
such that an initial single-phase water flow rate was obtained, then followed by increasing the
air flow rate gradually. It was observed that the water flow rate decreased as a result of increasing
the air rate. The range of GOR obtained during the experiments, at different initial water flow
rates, are shown in Figure 5.2a.

Figure 5.2b illustrates the effect of increasing air flow rate, reducing the water flow rate, and
the GOR. It shows that the initial decrease in water flow rate is nonlinear. A probable explanation
is that for low air rates, the water flow must accelerate the air injected at the commingling point.

A remark on the comparison of volumetric flow rates, is that the experiment did not seem to
be limited by the flow performance in the 1/2 inch pipe. The highest rates of both water and air
corresponded to relatively high, but realistic, full-scale flow rates. Depending on the trustwor-
thiness of this comparison, it can be used to map within which flow rates, and GOR, a full-scale

helical coiled pipe may be successfully utilised.

3Gas-0il-Ratio
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5.2 Geometric Similarity

Geometric similarity between a model and a prototype (full-scale) is achieved when all body
dimensions have equal linear length scale ratio (White, 2011). For flow in a circular pipe conduit,
the inner pipe diameter yields to be the first dimension to scale. Considering a 1/2 inch pipe and
a 6 inch pipe, saying A is the dimensionless length scale ratio, then A can be obtained as shown
in Equation (5.1).

dm 05" 1

A= o2 5.1
d, 6" 12 &b

Based on the selected full-scale pipe diameter, the calculated scale ratio A yields that the
model is 1/12 of the full-scale pipe. Assuming the pipe is coiled in one helical loop, the same
scale ratio is used to find the dimensions of the full-scale loop. The full-scale curvature radius
of the 4.9 cm radius from the experiment is calculated in Equation (5.2), resulting in a radius of
about 0.6 m. Table 5.1 show all experimental coil radii converted to full-scale curvature radii,
based on the assumption of 6 inch pipe diameter.

Ry 0.049m

R,=—2="""-059m 5.2
) 12-1 -2

Table 5.1: Experimental curvature radii and curvature ratios converted to geometrically similar
full-scale curvatures for 6 inch pipes.

Experiment Full-scale
d R 0 d R
linch]  [m] (-]  [inch] [m]

0.5 0.049 0.130 6 0.59
0.5 0.086 0.074 6 1.03
0.5 0.161 0.039 6 1.95

The full-scale coil radii range between 0.6-2 m. Experimental results in chapter 4 indicated

best potential for low radii and one loop coils.
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5.3 Kinematic Similarity

White (2011) states that to achieve kinematic similarity the model and prototype must have the
same length scale ratio, and the same time scale ratio. This results in having the same velocity
scale ratio. Having equal length scale ratios require geometric similarity. A time scale ratio must
be defined dependent on the type of flow.

Both White (2011) and Chanson (2004) agree that frictionless free-surface flows obtain kine-
matic similarity with Froude similitude, i.e. equal Froude numbers. This is because gravitational
effects usually dominate free-surface flows..

White (2011) states that frictionless flows with no free surface only require to be related by
a length scale ratio, and an independent time scale ratio. However, he adds that if viscosity,
surface tension, or compressibility has significant effects, kinematic similarity may require dy-
namic similarity. Chanson (2004) states that fully enclosed flows usually are modelled based on
Reynolds similitude, because viscous effects on pipe walls are dominating.

Based on the reasoning above, the fully enclosed flow velocity scale ratio for achievement
of kinematic similarity is defined by Equation (5.3), as given by Chanson (2004). Note that L, =
Ly/ L.

Vr:i.&_L_’".&

= (5.3)
L, pr Lp or

For simplicity, the velocity scale ratio between single-phase experimental water flow and
single-phase oil flow velocity is considered. For oil with field condition properties, the ratio

becomes as calculated in Equation (5.4).

0.21

1 (T) ~

r= 0 Teapy =003 (5.4)
[s58)

For a water flow velocity of 4.3 m/s, the field condition oil velocity becomes 0.13 m/s, corre-
sponding to a flow rate of 141 I/min in a 6 inch pipe. For the same oil with standard condition
properties, density 724 kg/m? and viscosity 0.8 cP, the velocity scale ratio becomes 0.09. This

gives an oil velocity of 0.39 m/s, corresponding to 423 1/min.
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By assuming single-phase liquid flow, the coiled pipe flows was regarded as no free surface
flows. However, there are uncertainties related to whether a multiphase pipe flow with a gas-
liquid interface should be treated as a no free surface or a free-surface flow. It is believed that for
small diameter pipes, as the 1/2 inch in the experiments, gravitational forces can be overrun by
viscous effects or surface tension effects. However, moderately increased pipe diameters with
closer to 50/50 gas-liquid distribution, may increase the effect of gravity on different-density
liquids. For curved pipe flows with significant centrifugal forces, it seems possible that the flow
could be treated as gravity-dominated flows, and hence Froude similitude could be included in

the study.

5.4 Dynamic Similarity

In the kinematic similarity section it was understood that in some cases achievement of kine-
matic similarity is dependent on dynamic considerations, and could require dynamic similarity
White (2011). This section elaborates requirements for dynamic similarity.

White (2011) states that to achieve dynamic similarity, geometric similarity must be ensured.
Then, dynamic similarities, together with kinematic similarity, are obtained for the following
flow types and requirements. Compressible flow requires equal Reynolds number, Mach num-
ber, and specific-heat ratio. Incompressible flow with no free surface requires equal Reynolds
number. Incompressible free-surface flow requires equal Reynolds number, Froude number, and
possibly Weber number and cavitation number.

Chanson (2004) states that for fully enclosed pipe flows, Reynolds similitude is the general
requirement because viscous effects on pipe walls are dominating. He adds that the flow re-
sistance, i.e. pressure loss due to pipe roughness, should be equal, and this can be ensured by
equal Reynolds number or knowing that both model and prototype flows are fully turbulent.
The importance of having a fully turbulent model flow, if the full-scale model is fully turbulent,
is highlighted as critical.

Despite the focus on equal Reynolds number, White (2011) further states that true dynamic
similarity of free-surface flows is often not achievable. This happens because Froude number

equality constrains the length and velocity with the scale ratio, A. Then to achieve true Reynolds
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similitude, it may require differences in fluid properties that none or few actual fluids possess.
Since Froude number is the dominating parameter for free-surface flows, inequality of Reynolds
number must be accepted. Actually, White (2011) states that the Reynolds number achieved in
a model can be smaller than the full-scale by a factor of 10-1000.

The statements above indicate that the requirement of exactly equal Reynolds number for
a model and prototype, sometimes have to be disregarded. The following sections discuss dy-
namic similarities between single-phase water flow and full-scale single-phase oil flows.

As the Reynolds number in the experiments are generally lower than full-scale Reynolds
numbers, the similarity study utilise the highest values that was obtained in the experiment.
For the cases of multiphase flow, the Reynolds number is calculated based on average density
and viscosity, causing low values of Reynolds number. Therefore, this section considers liquid

flow only.

Reynolds similitude between water and oil with field condition properties

The 1/2 inch pipe with single-phase water flow rate of 32.6 1/min, and flow velocity of 4.3 m/s,
reached a Reynolds number of approximately 54 500. It was assumed that the full-scale oil flow
required the exact same Reynolds number, and that oil flow velocity was the only variable pa-
rameter. Equation (5.5) shows the calculation, resulting in a velocity of 0.13 m/s. Note that this
velocity is equal to the velocity achieved for kinematic similarity in the previous section.

The relation between the obtainable experimental water flow rate, and the required oil flow
rate achieving same Reynolds number, is illustrated in Figure 5.3. The required oil flow rate in
terms of STB/D, is to get an impression of what production rate the in-field Reynolds similitude
would cause. Conversion from field flow rate to standard flow rate is shown in Equation (5.6),
utilising the flow ratio (0.7) found by Hysys.

The maximum water flow rate of 32.6 1/min was found equal to a production rate of approx-
imately 900 STB/D. This is considered a very low full-scale rate, and does not seem to be repre-
sentative for a typical 6 inch pipe flow. Table 5.2 shows the oil properties at field and standard

conditions.
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Figure 5.3: Reynolds number relationship
between water and oil with field properties.

Reynolds similitude between water and oil with standard condition proper-
ties

To see the effect of changing the full-scale fluid properties, the same procedure of requiring
equal Reynolds number is performed for oil at standard conditions. Equation (5.7) shows that
the higher density and viscosity of the oil result in a velocity that is closer to the experimental.
Equation (5.8) calculates the corresponding flow rate, and converts (without flow ratio) the flow

rate to production rate in terms of STB/D, for comparison with the previous section.

Tro=43 (@) (E) (%)~04Om/ 5.7)
fs = 6 ) \1o) 7 '

o,sta = 0.40m/s- Ass =0.0073m°/s = 3965 STB/D (5.8)
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The result is an approximate production rate of 3965 STB/D. This rate is considered more
representative of typical full-scale production rates. This indicates that the experiment does not

represent volatile -low viscosity- oil at high pressure and temperature.

Dean number as similarity requirement for curved pipe flow

The Reynolds number describes fluid force ratios, inertial and viscous, for straight pipe flows. In
the case of curved pipe flows, the Dean number includes curvature effects by describing force
ratio between inertial, viscous, and centrifugal forces. The Dean number is calculated by mul-
tiplying Reynolds number with the square root of the curvature ratio, defined in Equation (5.9).
Uncertainties exist to whether the Dean number can be a parameter of similitude for curved
pipe flows. This issue is not elaborated in this thesis, but the publication by CieL et al. (2012)
found that the Dean number could be a parameter for laminar flows within limited ranges of

Dean number and curvature ratios.

De=V6 x Re (5.9)

The importance on having geometric similarity from the previous sections, are adapted into
this section. Hence a requirement for a model and full-scale helical coil is having equal curva-
ture ratios, ensuring geometric similarity. This requirement actually imply that Dean similarity
is dependent of Reynolds similarity, because the root-term in Equation (5.9) cannot change.

Table 5.3 presents important parameters and results for different similarity calculations. The
experiment-column contains the reference parameters used to calculate the full-scale scenarios.
The two first full-scale columns show examples of Dean/Reynolds-similarity for oil flow with
field and standard condition properties. The next columns show alternative similarity calcula-
tions, based on flow velocity (as in section 5.1), and centrifugal force as similarity parameters.

The cases where true dynamic similarity is achieved, the reduced flow velocity cause in-
significant centrifugal force. The case with flow velocity as similarity parameter, cause a cen-
trifugal force of 3.2 g, and the Reynolds numbers are off by a factor of 33. The last case with
centrifugal force as similarity parameter requires a flow velocity of 14.9 m/s to obtain 38.5 g,

and the Reynolds numbers are off by a factor of 115.
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Table 5.3: Full-scale flow velocity, flow rate, Reynolds number, Dean number, and centrifugal
force, calculated for different oil properties and different similarity parameters.

Experiment Full-scale Units
Field Standard Field Field
d 0.5 6 6 6 6 [inch]
R 0.049 0.59 0.59 0.59 0.59 [m]
) 0.13 0.13 0.13 0.13 0.13 -
P 998 581 724 581 581 [kg/m3]
u 1.00 0.21 0.8 0.21 0.21 [kg/m3]
A% 4.3 0.13 0.40 4.3* 14.9 [m/s]
q 32.6 141 423 4706 16 338 (I/min]
Reynolds 54 500 54 500* 54500* 1813052 6294086 -
Dean 19 650 19 650 19 650 651571 2269 365 -
Centr. force 38.5 0.003 0.027 3.2 38.5* (gl

*Similarity parameter in current column.

5.5 Discussion of Similarities

In the superficial velocity section, the water and air flow rates was converted to full-scale oil and
gas flow rates in a 6 inch pipe. The highest experimental flow rate of water was estimated to a
full-scale oil flow rate of 30 000 STB/D, which is considered a significant value. Normally, single
wells does not produce more than 10 000 STB/D, hence the full-scale oil rate could represent a
pipe with commingled well streams.

The highest air flow rate, in combination with water flow, was estimated to a full-scale gas
production rate of about 430 000 Sm®/D. The calculated GOR for this measurement was about
130 Sm3/Sm3, while the largest GOR in the experiment was estimated to about 180 Sm3/Sm?.
Both values of GOR is in the range of a typical black oil (Jahn et al., 2008).

Geometric similarity between the different experimental helical coil curvatures and 6 inch
full-scale coils was studied. The experimental curvature radii ranged from 4.9-18.0 cm, which

corresponded to full-scale coil curvature radii in the range 0.6-2.0 m. The lower bound radii were
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considered relatively small in size, and possibly beneficial compared with typical gravitational
separation systems.

Since kinematic similarity preferably was achieved based on dynamic considerations, the
main focus was set on achievement of dynamic similarity. This required equal Reynolds num-
ber between the experiment and full-scale scenario. To reduce complexity of the study, single-
phase liquid flow was assumed. For oil properties at field conditions, the flow velocity required
to achieve similarity was 0.13 m/s, corresponding to a production rate of 900 STB/D. For stan-
dard condition oil, i.e. increased density and viscosity, required flow velocity became 0.40 m/s,
corresponding 3900 STB/D. This was considered comparable to a single well production rate.

For flow in curved pipes and helical coils the Dean number was assumed the similarity pa-
rameter, and geometric similarity was fulfilled by equal curvature ratios between experiments
and full-scale. This implied that Reynolds similitude was required to achieve equal Dean num-
bers. Dependent on oil properties, the results was flow velocities of 0.13 and 0.40 m/s in a coil
with curvature radius of 0.6 m, creating insignificant centrifugal forces. As an alternative, the
flow velocity were set as similarity parameter, causing centrifugal force of 3.2 g, and Reynolds
number was off by a factor of 33. At last, centrifugal force was set as similarity parameter, requir-
ing a full-scale flow velocity of 14.9 m/s, implying a very high flow rate, and Reynolds number
off by a factor of 115.

It was understood that true dynamic similarity with exact Reynolds number similitude was
rarely achievable (White, 2011). Thus, the cases where Reynolds numbers are off are not nec-
essarily incomparable. It was also discussed that for very small pipe diameters, viscous- and
surface tension effects could overrun the gravitational and centrifugal forces. To avoid or re-
duce the issues above, one can select experimental fluids with other properties, and increase
experimental dimensions, enhancing the level of similitude with full-scale hydrocarbon flows.

Uncertainty regarding whether a multiphase pipe flow was to be considered a no free surface
flow, or a free surface flow was discussed. It is recommended for further work to investigate this

issue, as this can improve comparability of future experiments with full-scale scenarios.



Chapter 6

Conclusion and Recommendations for

Further Work

The need for more compact separation systems in the petroleum industry formed the back-
ground for this thesis. An analysis of separation systems and an experimental study of air-water
flow in helically coiled pipes were conducted. The main goal of the experimental study was to
investigate separation capabilities for helical coils.

The flow behaviour inside the helical coils was photographed for a variety of coil configura-
tions and air-water flow rates. The flow regime at coil inlet was mainly recognised as a bubbly
flow, independent of air flow rate. However, inside the coiled pipe, air flow rates above certain
values developed intermittent flow regimes as plug and slug flow. Adjustment of coil configu-
rations revealed effects on the flow development. When adding numbers of loops in the coil,
intermittent flow regimes occurred at lower air flow rates. When shortening the curvature radii,
intermittent flow regimes occurred only for higher air flow rates.

The study in Chapter 3 indicated that most of the existing compact separation systems utilise
the centrifugal principle. The motivation to investigate applicability of helically coiled pipes as
separators was enhanced. Indications on abilities to achieve phase separation and influence
flow behaviour in a helical coil, seemed promising for development of compact separation sys-
tems. Compact separators were found convenient for topside facilities with limited space, and
for deep-water subsea developments affected with high ambient pressure. The experiments in

chapter 4 revealed that for certain coil configurations and flow rates a favourable phase distribu-
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tion could be achieved. The combination of one loop and short curvature radii, both reducing
total coil length, seemed to achieve more stable phase distributions. This was assumed to be
a result of lowered friction loss and higher centrifugal force. A different observation was that
for moderate to high air rates, one could experience instant transition from bubbly to inter-
mittent flow immediately downstream the coil outlet. This indicated that despite maintaining
favourable phase distribution in the coiled pipe, the distribution may not sustain downstream of
the coil. This could reduce the helical coils potential for flow conditioning. Chapter 5 discussed
the level of similitude between the experiment and full-scale scenarios. Geometric similarity
between the smallest experimental coil and a full-scale 6 inch pipe diameter, gave a reasonably
compact coil diameter of 1.2 m. The experimental water flow was compared with a full-scale
condensate flow. The condensate required a very low flow velocity to achieve dynamic similar-
ity (equal fluid force ratios). In addition, it was found that the experimental flow could show
misleading behaviour, as viscous- and surface tension effects become significant for small di-
ameter pipes.

Results from the experiment may have been affected by inaccuracies. The range of achiev-
able liquid flow rates was limited by the tap water system used as liquid source. Sensitive flow
control valves combined with instabilities in the compressed air system made accurate flow rate
adjustments difficult. The use of flexible pipes gave geometrical inaccuracies due to deforma-
tion of cross-sectional area. Logging of flow rates and flow regime imaging were performed
with a time span up to one minute, reducing the accuracy between measurements and images
in the analysis. The small scale of the experiment in addition to the difference in fluid proper-
ties and pressure-temperature conditions reduced the comparability with genuine hydrocarbon
productions.

The experimental study gave indications on separation capabilities, as achievement of stable
phase distribution was possible for certain coil configurations and flow rates. However, the nar-
row operating range, and possible errors in the experiment, brought uncertainties to whether a
full-scale helical coil could achieve phase separation. Thus, the experimental study could nei-
ther approve nor disprove the applicability of helically coiled pipes as phase separators. The
work in this thesis indicate both promising capabilities and significant challenges, hence the

helical coil principle needs continued and more comprehensive research.
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The study towards a possible helical coil separation system is at an early stage, and further

research and work is required to get a fundamental understanding of the principle. Recommen-

dations for further work are based on what was not conducted, or sufficiently examined. The

short-term recommendations are meant for enhancing the understanding of the helical coil

principle. The long-term recommendations are dependent of proved separation abilities.

Short-term

Study the effect of different pipe diameters, with focus on achieving stratified flow regime
Study the required magnitude of centrifugal forces to ensure stable phase distribution
Study the effect of coil axis orientation. Find optimal orientation or whether the orienta-
tion could be optional

Study the effect of progressively decreasing or increasing curvature radius along the loop.
This could cause a smoother transition into or out of the coil, and affect flow behaviour
Investigate methods of decreasing intermittent flow development in coil or coil outlet, e.g.
pipe internals or avoiding abrupt straightening at outlet

Study the effect of non-circular cross-sectional pipes with the helical coil principle, e.g.
elliptical, triangular, rectangular, or other geometries thought to be beneficial. This could
affect the secondary flow and phase distribution in the coil

Utilise fluids that improve similarities to hydrocarbon flows

Increase the experimental dimensions to improve similarity with larger scale flows, espe-

cially because of scale-effects induced by viscous forces and surface tension

Long-term

Investigate techniques to efficiently separate one phase out of the main flow from the
helically coiled pipes
Investigate if the principle can sufficiently separate liquid-liquid phases, aimed towards

achieving oil-water separation

Large or full-scale experiments
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Appendix A - Experimental Data

This appendix presents the experimental excel tables, which documents every measured ex-
periment conducted. The table lists measurements for water and air rates, and their calculated
details. The multiphase flow is further calculated from the measurements. In addition, the char-

acteristic of the flow regime at inlet, inside, and outlet of the helical coil is documented.
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Appendix B - Flow Meters

This appendix presents data sheets on the flow meters used to measure air and water flow rates

during the experiments.
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Combined Liquid Flow

Transducer/Transmitter

Stock No. 257-026 (Type One)
Stock No. 285-790 (Type Two)

General Technical Specification
These two sturdy turbine flow sensors are designed to operate  Construction
with most liquids. Two types are available with type one  Body Polyester
combining a 4-20mA flow transmitter within the same housing.  Glasstube Borasilicone
The output signal of this device is 4-20mA, proportional to the ~ Seals Nitrile
flow. The unit is supplied factory calibrated to 4-100 I/minute  Washers and shaft Stainless steel
but may be field calibrated as follows:- Rotor and locator Acetal
Rotor tips Stainless steel
a) Set system to zero flow and connect a multimeter  Calibration (Type 1) 4-100 I/min. on water | as
between terminals 1 (+20mA) and & (OmA). 4mA - 0 I/min factory
20mA - 100 I/min set
b)  Adjust zero pot to read 4mA on meter. Type 2 'K' factors Oil - 51.14 pulses per litre

Water - 44.25 pulses per litre
c) Set system to full flow with multimeter still connected as  Maximum flow rate

(a) above. (Max. flow = 150 I/minute). (field calibration) 150 I/min

Maximum working pressure 10 bar Oil/Water

d)  Adjust span pot to read 20mA on meter. Minimum flow indication 2 1/m (Max 150 I/m)
Temperature range 5 to 80°C Oil

Type two provides a pulse output proportional to flow rate. 5 to 60°C Water

This is factory calibrated (2 I/m-150 I/min.) and is not user  Accuracy +2%

adjustable. Connections 1" BSP Parallel threads
Electrical details Supply 24V =

WARNING Output (type 1) 4-20mA

This product contains components manufactured from glass (type 2) Pulsed

filled polyester and borosilicate glass. Although robustly  Pulse output connections

constructed and rigorously tested, we recommend the following ~ Pin 1 +ve o/p

precautions are taken:- Pin 2 +ve supply
Pin 3 -ve o/p (not shown on diagram)

1. DO NOT over-tighten pipe fittings (Max. Torque 60Nm). Pin 4 Earth (-ve supply)

2. Only use pipe fittings and sealing methods recommended Figure 1. «— 48,5

for use with the End Couplings provided. —

2a. DO NOT use tapered male pipe fittings.

3. Although it should not be necessary, P.T.F.E. tape may
be used, but must not be allowed to enter pipework.

196,0
156,0

4.  Support pipework and mount the unit in such a way as to
minimise side loading, mechanical shock loads and
vibrations etc.

5. In use the glass body of this meter is subjected to

pressure and must under NO circumstances be subjected J'*
to physical abuse. R —
‘« 42 04‘

6. DO NOT use if any form of damage occurs, or is A G H@
suspected to have occurred during handling or B A~ c =5
installation. D D | — J

4 k0o,

7. Protect from frost. D E >

I
8.  This unit is intended for permanent installation and should A = Flow setupF G = Plug wiring
not be used for temporary applications. B = Set full flow to 20mA H = Earth
C = Set zero flow | = OmA
Maximum working temperature +80°C (+60° with water). D = Span J = Ov power
Maximum working pressure 10 bar. E = Zero K = +20mA
F = Slider L = +24V power
RS Components Issued July 1994 8723

Turbine flow meter datasheet, Type One (RS Components)
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*

EX-FLOW

*

*

Ex-Proof (ATEX Il 2 G) Mass Flow Meters and Controllers for Gases

> Introduction
Bronkhorst High-Tech B.V,, the European market leader in thermal
Mass Flow Meters/Controllers and Electronic Pressure Controllers,
has many years experience in designing and manufacturing pre-
cise and reliable measurement and control devices. With a wide
range of instruments, Bronkhorst High-Tech offers innovative solu-
tions for many different applications in many different markets. The
instruments are made to customers’ specification, in various styles,
suitable for use in laboratory, industrial environment, hazardous
areas, semiconductor or analytical installations.

> EX-FLOW series for hazardous areas

The Mass Flow Meters of the EX-FLOW series are of rugged
design for gas flow applications in hazardous environments.

The intrinsically safe measuring head is tested according to ATEX
95 Directive 94/9/EC and approved under EC-Type Examination
Number: KEMA 01ATEX1172, protection Il 2 G Ex ib IIC T4 Gb.
This stands for:

112G = ATEX group and category

Ex ib IIC T4 = CENELEC marking

ib = intrinsically safe Zone 1

lIc = highest gas group with a minimum ignition energy
of 20 pJ, with gases such as acetylene or hydrogen

T4 = max. surface temperature of 135°C

Gb = |EC equipment protection level

The housing of the electronics compartment is rated to IP65.

Mass Flow Meters can be supplied in ranges starting from
0,16...8 ml,/min up to 11000 mé/h air-equivalent, with pressure
rating between vacuum and 700 bar. In combination with control
valves, either integrated or separate, Mass Flow Controllers can be
offered up to 10...500 m®/h air-equivalent.

> Mass Flow Controllers for every application
The control valve can be furnished as an integral part of an
EX-FLOW MFC, or as a separate component. It is a proportional,
electromagnetic control valve with fast and smooth control charac-
teristics. With reference to the specific field of application there are
different series of control valves. There is a standard direct acting

ECFOW 6 4

s et i

»

Bronkhorst'
HIGHTEGH

valve for common applications, a pilot operated valve for high flow
rates and the so-called Vary-P valve with a pressure rating of 400 or
700 bar, that can cope with up to 400 bar AP. These valves will be
equipped with explosion proof certified coils. There are two options:

Coil XB: protection Il 1 G Ex ia IIC T6
protection Il 1 D Ex ta I1IC T80°C

Coil XC: protection I 2 G Ex eb IIC T4
protection Il 2 D Ex tb I1IC T130°C

The electrical connection of flow meter and control valve to the
safe E-7000 readout system (located in the safe zone) is achieved
via separate cables. The readout system contains a controller
function pc-board to complete the control loop.

> General EX-FLOW features
ATEX approval Cat.2, Zone 1
weatherproof IP65 housing
flow ranges from 0,16...8 ml,/min up to 220...11000 m? /h
optional: low-AP versions up to 4...200 | /min
pressure ratings up to 700 bar

> Fields of application
Process gas measurement or control in (petro-) chemical industries
Fuel cell technology
Gas distribution systems
Hydrogenation processes
Gas consumption measurement for internal accounting
Heating or biogas production

&

Bronkhorst®
HIGH-TECH

Air mass flow meter datasheet page 1, (Bronkhorst High-Tech, b)
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> Technical specifications

Measurement / control system

97

> Models and flow ranges (based on Air)

Mass Flow Meters (MFM); PN100 (pressure rating 100 bar)

Accuracy (incl. linearity)

(based on actual calibration)
Turndown

Repeatability

Time constant

Operating temperature

Temperature sensitivity

Leak integrity
Attitude sensitivity

Warm-up time

Mechanical parts

Material (wetted parts)

Process connections

Seals

Ingress protection (housing)

Electrical properties

Signal circuit

Output signal

XB-coil

XC-coil

:standard: £1% FS;

other on request
(for flow > 1000 m?/h contact factory)
1:50 (2 ... 1000%)

:<£0,2% Rd
: 5 seconds
: EX-FLOW sensor: -10...+70°C;

XB-coil: -40...+ 65°C
XC-coil: -40...+ 65°C

< zero: < £0,05% FS/°C;

span: < £0,05% Rd/°C

stested <2 x 10° mbar I/s He

- max. error at 90° off horizontal 0,20

at 1 bar, typical N2

30 min. for optimum accuracy;

2 min for accuracy + 2% FS

: stainless steel 316L or comparable

pi ion type or face seal
wafer type on series F-106;

DIN or ANSI flanges on series F-107

: standard: Viton®

options: EPDM, FFKM (Kalrez®)

:1P65

:in type of explosion protection intrinsic

safety Ex ib 1IC, only for connection to a
certified intrinsically safe circuit with the
following maximum values:

Ui=28V, li=98 mA, Pi =686 mW

The effective internal capacitance between:
Terminals 1 and 3: Ci = 1 nF;

Terminals 2 and housing: Ci = 120 nF;

Effective internal inductance: Li = 0,3 mH

:15...20 mA (linear)

Terminal connection, cable gland M16x1,5

: Coil voltage max. 28 V/110mA;

295 Ohm at 20°C, cable gland PG9

: Coil voltage max. 24 V;

65 Ohm at 20°C, cable gland M16x1,5;
Pmax = 9W at 20°C

Technical specifications subject to change without notice.

Related drawing 9.27.002K. No modifications permitted without

approval of authorised person.

Model min. flow max. flow
F-110CX 0,16...8 ml,/min 0,2...10 ml,/min
F-111BX 0,2...10 ml,/min 0,4...20 |,/min
F-111AX 0,1...5 I,/min 2...100 |,/min
F-112AX 02...10 I,/min 5...250 |,/min
F-113AX 2...100 I,/min 25...1250 I,/min
F-116AX 0,4...20 m%,/h 4...200 m*/h
F-116BX 1...50 m*/h 10...500 m®,/h

For ranges of 200, 400 or 700 bar rated MFMs please contact factory

High-Flow MFMs; PN10 / PN16 / PN25 / PN40 / PN100

Model min. flow max. flow
F-106AX/F-107AX/F-117AX 0,4...20 m*/h 4...200 m*/h
F-106BX/F-107BX/F-117BX1...50 m /h 10...500 m*/h

F-106CX/F-107CX/F-117CX 2...100 m*/h
F-106DX/F-107DX/F-117DX 3,6...180 m®/h

20...1000 m?,/h
36...1800 m*,/h

F-106EX 8...400 m*,/h 80...4000 m,/h
F-106FX 14...700 m*,/h 140...7000 m?,/h
F-106GX 22...1100 m*,/h 220...11000 m* /h

Mass Flow Controllers (MFC); PN64 / PN100

Model min. flow max. flow
F-200CX/F-210CX 0,2...10 ml,/min 2...10 ml,/min
F-201CX/F-211CX 0,22...11 ml/min 04...20 |,/min
F-201AX/F-211AX 0,1...51/min 2...100 I,/min
F-202AX/F-212AX 0,2...10 I,/min 5...250 |,/min
F-203AX/F-213AX 2...100 I,/min 25...1250 |,/min
F-206AX/F-216AX 0,4...20 m*,/h 4...200 m’,/h
F-206BX/F-216BX 1...50 m* /h 10...500 m* /h

Contact factory for max. Kv-values (depending of coil type)

MFCs for high-pressure / high-AP applications; PN400

Model min. flow max. flow
F-230MX 0,2...10 ml,/min 10...500 ml,/min
F-231MX 10...500 ml,/min 2...10 I,/min
F-232MX 02...10 |,/min 2...100 |,/min

For ranges of 700 bar rated MFCs please contact factory

F-106AX Ex-proof Mass Flow Meter for high flow ranges

Bronkhorst®
HIGH-TECH

Nijverheidsstraat 1a, NL-7261 AK Ruurlo  The Netherlands
T +31(0)573 45 88 00 F +31(0)573 45 88 08 | www.bronkhorst.com E info@bronkhorst.com

927002K
©BHT1412-101

Air mass flow meter datasheet page 2, (Bronkhorst High-Tech, b)



Appendix C - Hydrocarbon Composition

This appendix presents the hydrocarbon composition and fluid properties of the hypothetical

full-scale flow in chapter 5.
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Component Mole Fractions |Vapour Phase |Liquid Phase

Nitrogen 0,004 0,014 0,004

Cco2 0,001 0,001 0,001

Methane 0,432 0,903 0,429

Ethane 0,047 0,045 0,047

Propane 0,030 0,016 0,030

i-Butane 0,015 0,005 0,015

n-Butane 0,009 0,003 0,009

22-Mpropane 0,000 0,000 0,000

i-Pentane 0,008 0,002 0,008

n-Pentane 0,005 0,001 0,005

n-Hexane 0,018 0,002 0,018

n-Heptane 0,041 0,002 0,041

n-Octane 0,050 0,002 0,050

n-Nonane 0,038 0,001 0,038

n-Decane 0,301 0,004 0,304

Total 1,000 1,000 1,000

Fluid Properties Stream 1 Vapour Phase |Liquid Phase |Stream 1 Vapour Phase [Liquid Phase
Pressure[bara] 100(- - 1,01325]- -
Temperature[C] 100|- - 15)- -

Mass Density [kg/m3] 396,65 71,30 580,61 5,61 0,92 723,98
Viscosity [cP] 0,02 0,21 0,01 0,79
Phase Fraction [Act. Vol. Basis] 0,36 0,36 0,64 0,99 0,99 0,01
Phase Fraction [Mass Basis] 0,06 0,06 0,94 0,16 0,16 0,84
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