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Preface

This thesis is the result of my work performed as an exchange student at the De-

partment of Energy and Process Engineering the spring of 2016 at the Norwegian

University of Science and Technology (NTNU) in Trondheim in order to finalize

my Bachelor in Energy Engineering at Universidad Politécnica de Madrid (UPM).

My supervisor during this work has been Maŕıa Fernandino in collaboration with

Carlos A. Dorao. The topic of this master thesis is the design and construction of a

test section to study droplet-interface coalescence under shear conditions related to

liquid-liquid separators. The thesis has been built on both a literature study among

with experimental work performed during the semester.
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Abstract

Separation is a vital process in oil industries, where the mixtures separation, like

the upstream gotten from oil reservoirs, differentiate the useful products. Gas-liquid

separation process has been widely studied in order to optimize the quality of gas to

export and later refine. However liquid-liquid separation has not been as optimized

as gas-liquid separation. Nowadays liquid-liquid separators consist in a big over-

dimensioned vessels, where due to the slow migration velocities and the coalescence

time liquids get separate after some time. Specially in the offshore installations

where space and weight play a crucial role in the design and transport of the mate-

rials is not so easy, this over-dimension of the containers can create overweight and

structural issues.

In this thesis the different parts of the separation process (dynamics of droplets,

and their interaction with a liquid-liquid interface) have been studied. In order to

be able to conceive, design and build a facility which can simulate the processes

suffered by the liquids during the separation, an extensive work in literature has

been reviewed.

The goal of this work is starting from a simple circuit, design and build a test sec-

tion which will allow to simulate and study the coalescence process and the droplet

dynamics inside a gravity separator inducing shear by forcing flows to run in op-

posite directions in the presence of the other. The design was performed with 3D

software and built in transparent resin in a 3D printer. A study of transparency

through different post-printing processes and section designs with the addition of

III



crystal slides is presented. Also resistance of sections built and supports generated

in a 3D printer has been performed to validate this method for experiments in the

future.

The facility construction suffered modifications from the first idea due to a lack

of time to perform all the components although they are included both in theory

and designing part. Visualisation of the droplets was achieved with a high-speed

camera over a film rail controlled by computer software. The results show the val-

idation of the 3D prints for possible laboratory uses as the pieces are able to resist

increases and reductions of flow without suffering an important pressure drop. Be-

cause of the superposition of resin layers and the aging of the resin film through

the resin was rejected. A re-design of the test section was made to incorporate win-

dows to be able to visualize and illuminate the simulation of the gravity separation

process.
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Chapter 1

Introduction

1.1 Background

The separation process of reservoir fluids extracted from wells is a critical operation

in the oil and gas industry. These fluids are mixtures of gas, oil and water that will

have to be separated offshore before their transportation. This process is performed

in separators, which are pressure vessels designed to divide the mixtures of gas and

liquids into separate phases that are relatively free of the other fluids.

Oil extracted from reservoirs usually is composed by a large amount of water, which

increased with the reservoir lifetime, where water is injected to be able to remove the

oil. Refining process requires to achieve certain oil quality to be done, international

requirements are a water presence in the oil less tan 0, 5% [35].

Nowadays separators mainly work as gravity separators [63], with low flow rates

and long residence times. The design basis of the gravity separators has been to

size them to allow sufficient residence time for the settling of the liquid droplets

dispersed in each phase [14]. Gravity force is the main force that accomplishes the

separation, where heaviest fluids will settle at the bottom and the lightest fluid will

rise to the upper part. This type of separation is very difficult due to the small den-

sity difference of water and oil, and the high viscosity of the oil, which lags water
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droplets sedimentation.

Due to a lack of understanding of the sedimentation process and a lack of valid

models for predicting settling times, separators are generally over-dimensioned. Res-

idence times can be long, lasting from minutes to tens of minutes [63], and vessels

are large in size to allow for a large liquid handling capacity . Separator vessels

can have a diameter and length up to 3m and 25m, respectively [14]. This large

dimension makes separators to be costly to purchase and install, especially in the

offshore installations, where weight and space are critical design and cost param-

eters. Optimize these separators is of great interest for the oil industry. One of

the main possibilities of improvement is to reduce the settling time required for the

separation of the oil and water phases, and to acquire more accurate models of the

sedimentation process that can be used to improve separator design. To accomplish

this, the study of droplet dynamics with shear rate inside the separators through

simulations is crucial.

Background of the problem

At the moment of this thesis just a few studies have been carried out on the be-

haviour of interacting water droplets in oil and neither about the influence of shear

effects over the separation and coalescence processes. Knowledge regarding the set-

tling velocity of water droplets in oil in the presence of other droplets is therefore

limited.

To achieve a better understanding of separators the study of the settling veloc-

ity of drops along with the coalescence time is of importance and understanding the

behaviour of a single droplet is important for the detailed knowledge of interacting

drops. How a droplet interacts while moving through a fluid and in the presence

of shear between liquids is useful for the determination of sedimentation velocity,

coalescence and separators sizing.
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The droplet size, transport properties between the phases as well as information

of the droplet interface (rigid, deformable) is important when determining the sedi-

mentation velocity [19]. The sedimentation velocity magnitude of the water droplet

as it sediments through the oil differs depending on factors such as the size of the

drop, as well as the properties of the oil and water and the temperature. Due to

challenges related to the control of droplet size, few experimental results are avail-

able for small droplets with diameters 100m.

In order to simulate and validate the theory performed in Chapter 2 a facility will be

built. This facility (Chapter 3 and Chapter 4) is thought as two close loops (water

and oil), which inside a test section simulates the separation process between liquids

inside a separator through the generation of denser fluids droplets inside the lighter

fluid flow. A test section has to be designed and build (Chapter 3 and Chapter 4) to

simulate the processes suffered by the liquids inside the vessel. This section has to

fulfil some requirements as different flow rates direction for each fluid, a transparent

interface section where to record the process of the experiments and size it properly

so the generated water droplets can coalesce inside of it. The facility needs to have

different illumination set-ups to be able to differentiate liquids in case of similar

liquids are used.

1.2 Goal of Work

The goal of this work is to design and build a facility which allows to study in the

future the dependency of droplet dynamics on droplet size and changes made to the

environmental conditions, in particular there will be focus on the terminal velocity

and coalescence time as the temperature is changed and the influence of shear be-

tween liquids in the separation process.

To achieve this goal, it will be necessary to design and build a test section for

the simulation and study of the dynamics of the sedimentation of water droplets

and droplet-interface coalescence in model oil in 2D. This test section will be part of
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a facility in the laboratory which consists in a close loop that generates the condi-

tions liquids are exposed to in the separation process inside gravity separators. The

objective of the experimental study in the test section is to be able to determine

and record and study the terminal velocity and coalescence of water droplets falling

in oil in the presence of shear between liquid interfaces. Droplets will be released

over a water flow in a chimney on the test section and filmed to validate the design,

study the filming process and to calibrate the system with different flow rates.

Different designs and models will be used to evaluate the viability of 3D print-

ers to build valid pieces for the laboratory as well as transparency studies of the

resin applying different treatments to the prints. Cristal slides will be attached to

the walls with silicone to film through the test section and to illuminate with LED

lights.

1.3 Scope of work

The theoretical background is focused on terminal velocity and coalescence process,

providing a wide state of knowledge in previous experiments. The design and con-

struction of the test section will allow future students to perform experimental anal-

ysis in the liquid-liquid separation, specifically in the droplet interface coalescence

and in the terminal velocity. The study of transparency and possible applications of

the 3D printer in the laboratory lay a foundation to new facility conception saving

time and getting flexibility for prototypes and finally models. Experiments visu-

alizing droplets in water will be performed in order to evaluate illumination and

visualization set-ups.

1.4 Report structure

The structure of the report is explained in this section and also a short descrip-

tion of the content of each chapter. The dynamics of free falling liquid droplets and

droplet-interface coalescence is explained in Chapter 2. Along with a short introduc-
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tion, this chapter contains theory about gravity separation, terminal velocity and

coalescence of rigid and deformable droplets. Among the theory there are references

to previous models and studies on droplet dynamics and droplet-droplet coalescence

time. In Chapter 3 a brief explanation of a possible procedure for the future droplet

generation is presented. Chapter 4 shows the conception and method of design for

the test section for the experimental facility. There is also a presentation of the soft-

ware and printing tools. Chapter 5 presents the printing process of the test section

along with the different post-printing processes applied to the pieces to improve its

transparency and the conclusions and decisions about it. In this chapter the set-up

of the experimental facility is presented too, with a detailed inventory of the pieces

of the facility and of the auxiliary systems to record the processes inside the test

section. Experimental transparency results and calibration are presented in Chapter

6. This chapter also contains a discussion of the results obtained in the different

designs and treatments. Chapter 7 presents a conclusion, with recommendations for

further work.
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Chapter 2

Theory

2.1 Gravity separation: Three-phase & separators

In the chemical, food, and oil industries, the process of mixtures separation, like the

Upstream gotten from oil reservoirs, is a vital process.

Streams from an oil reservoir are commonly composed of gas, oil, water and some

solids (sand and asphaltenes). Gravity separation is the process used to separate

these elements before pumping it to its destinations. The primary stage of this sep-

aration usually is performed by horizontal cylindrical gravity settling vessels with a

large liquid capacity [14]. It consists on letting the upstream in a horizontal separa-

tor enough time to get it separated. Although its importance this type of separation

is not optimized. Studies have been more focused in the optimization of the gas-

liquid process. Nevertheless liquid-liquid separation process has its importance. As

explained in the background, after oil is separated, there are international a mini-

mum requirements in quality of the inlet oil to the refine of a 0, 5% [35].

Gravity separators are pressured vessels used to perform a separation of mixed-

phase stream into separated liquid and gas phases. These vessels allow obtaining

both phases relatively free of each other [46]. There are two possible designs for a

gravity separator: Horizontal or vertical. The main difference between both remains
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in the capacity volume they are provided, being the horizontal gravity separator the

bigger from both. Horizontal separators have separation acting tangentially to the

stream and vertical separators have separation acting horizontally to the flow. When

the gas/liquid ratio unusually high, it can be defined as ”scrubber” [26].

The dimensions of these vessels normally are 3m of diameter and 25 of length. Due

to the size and materials, these vessels are costly to purchase and install, specially in

the platforms offshore as transport and process are more difficult and where weight

and space available are critical parameters in the structure resistance [14].

Another crucial point is that normally these vessels have to handle with streams

from different wells, so it is needed some flexibility to be able to handle variations

in the inflow affecting composition.

All the gravity separators have some components or features in common. Extracted

from [26], the most important are:

• An initial section for the primary separation of liquid and gas with an inlet

diverter to separate the bulk of the liquid from the gas.

• A gravity-settling section where the gas and liquid mixture is given adequate

settling time for gravity separation of the phases.

• A mist extractor at the gas outlet. The mist extractor captures small droplets

entrained in the gas.

• Pressure and liquid-level controls.

2.1.1 Horizontal and vertical gravity separators

The gas/liquid stream entering the separator hits the diverter changing suddenly

the momentum in the mixture. It starts the bulk separation of liquid and gas and

ensures that just a residual amount of gas is carried with the liquid. The liquid

phase is divided in an oil phase in the top of it and water phase in the bottom. In
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Figure 2.1: Sketch of a horizontal three-phase gravity separator [11].

this vessel section, separation between oil and watter occurs, which is called ”water

washing”. It enhances the separation promoting the coalescence of water drops that

are entrained in the oil phase when the inlet liquid mixture rise through the oil/water

interface. The water washing allows an easier control over the oil/water interface

as the inlet streams does not fall in the interface between gas/liquid or oil/water [11].

As it has been explained before, this process is not optimized, so what is done is

to size them to allow sufficient residence time for the settling of the liquid droplets

dispersed in each phase before they are removed. The level of the oil/water interface

is controlled by a level controller, which is connected with a control valve upstream

of the oil weir as it can be seen in Figure 2.3. Similar process is applied to the water

produced in order to maintain the desired height of the interface level. Level control

is less critical in vertical separators and the liquid level can fluctuate several inches

without affecting the efficiency.

In the upper part, the gas flows horizontally until leave the separator through the

mist extractor that is connected to a pressure vessel, which is responsible to main-
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tain a constant pressure in the separator.

Although a detailed study of wall effects falls outside the scope of this thesis, is

important to know some of the most important differences between horizontal and

vertical separators. Normally, horizontal separators are selected when next condi-

tions are given [46]:

• Large volumes of gas and/or liquids

• High-to-medium gas/oil ratio (GOR) streams

While vertical is often used when:

• Small flow rates of gas and/or liquids

• Very high GOR streams or when the total gas volumes are low

• Plot space is limited

• Ease of level control is desired

2.1.2 Oil-water gravity separation

The oil/water gravity separation consists in two processes, the separation of dis-

persed oil from the bulk water phase and the separation of dispersed water from

the bulk oil phase. It is known that the oil is less dense than the water (something

between 5 and 20 times), so the settling velocity of a oil droplet in water will be less

than an water droplet in oil [11]. Due to this reason, manufacturers often design

separators based on the settling of water droplets in oil.

In gravity separators, droplets can coalesce before settling out by gravity. These

separators are based on two physical mechanisms [47]:

• Droplet coalescence: Process by which two or more droplets get in contact in

order to form a bigger and unique droplet. Small droplets have to coalesce in

order to be able of settling by gravity. It also describes the process of merging

or fusing between droplets and a bulk of the matrix fluid.
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• Droplet sedimentation: Particles in suspension have the tendency of falling

through the phase and settle at the interface. It is necessary that the gravity

force over droplets has to be larger than the hydrodynamic forces.

These processes can occur simultaneously or one after the other. The way processes

take place depends on different factors (e.g., presence of surfactants, droplets diam-

eter or phase viscosity.)

a) b)

Figure 2.2: Disperser phase evolution through the time [11].

In Figure 2.2(b) it is appreciated how when the oil/water mixture enters the sep-

arator there is not a water layer in the base of the mixture. This occurs in the

sedimentation zone, were water droplets have to sediment and grown in size first

due to droplet-droplet coalescence. In the dense-packed zone, the droplets collect

in a layer adjacent to the oil-water interface where droplet-droplet coalescence and

slow sedimentation continues to occur until the water droplets finally coalesce with

the bulk water phase [4].

2.2 Sedimentation: Single droplets and rigid spheres

Sedimentation is the settling of particles under the influence of gravity without

net motion around particles. This process has been widely studied through the

years [39].
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Rigid spheres are often used as models to study the behaviour of fluid particles,

but these approximations are not valid in some cases. As it has been said before,

droplets motion can suffer from several mechanisms as deformation or internal cir-

culation.

Figure 2.3: a) Schematic view of sedimentation-based model in a batch setup (left)

with the sedimentation phase (top), the dense-packed zone (middle), and the coa-

lescence interface (bottom); b) Evolution of the process through the time [11].

2.2.1 Deformation

The forces acting over it define the shape of a droplet in a steady state. Dynamic

stress and static head of the exterior fluid and surface tension acting outward and in

the surface are the causes of the inward forces [22]. High surface tensions between

droplets at the continuous phase, it will tend to get a spherical shape [58]. The

deformation a droplet can suffer is also determined by the diameter of the droplet

and the Reynolds number:
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Re =
ρc · Vt ·D

µc
(2.1)

Where ρc represents the density of the continuous fluid, Vc is the terminal velocity of

the particle, D is the diameter of the particle and µc is the continuous fluid viscosity.

In order to characterise the shape of the droplet, several researchers have include

the Weber number in this study:

We =
ρcV

2
t d

σ
(2.2)

In Equation 2.2 σ denotes the tension between the particle and the continuous fluid.

If Reynolds number is finite, for We << 1 droplets will tend to spherical shape. This

is due to high surface tension makes low Weber number and high tensions makes

droplet to tend a spherical shape as has been said before. Nevertheless for small

Reynolds number, a particle in any system will remain spherical with Independence

of the Weber number and the surface tension [58] [48].

2.2.2 Internal circulation

Droplets have a viscosity ratio
(
µd
µc

)
finite unlike rigid spheres and internal motion in

the droplet becomes important in the determination of the hydrodynamic force [52].

The tangential stress applied by the external fluid in the interface has to equalize

and be opposite to the stress exerted by the internal fluid. It will lead to a rela-

tive movement of the two fluids at the interface [54]. Internal circulation causes a

decrease in the boundary layer thickness of the droplet and a reduction of the flow

separation angle. This makes a reduction in the drag and the terminal velocity get

increased in comparison to a rigid sphere. [22].

In small droplets, internal circulation is not always present [57]. This is due to

the accumulation of contaminants on the interface (as it will be explained later
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in Section 2.4.2, can create big differences in the droplet behaviour [22]). If the

interface is sufficiently free of contaminants, regardless the size, all droplets will

have internal circulation. Water interfaces are susceptible to contaminants, spe-

cially small droplets. It is possible to eliminate internal circulation by the influence

of surfactants in system with high surface tension [57].

2.2.3 Single Droplets

Precipitation of a droplet is a process in which a static droplet in a more viscous

fluid will accelerate due to the gravity force until this force equals the resistance

force (buoyancy and the drag force). After a time it will acquire the terminal ve-

locity (Section 2.3) and its shape (Section 2.4.1) [22]. The motion of a spherical

non-deformable particle in an incompressible Newtonian fluid is given in [54]:

mdu
dt

= mg

(
1− ρc

ρd

)
1

8
πD2cDu

2 −KVMπD
3ρc

du

dt
(2.3)

The left term on the right hand side represents the gravity-buoyancy effect while

the right term is the added-mass effect due to acceleration of the Newtonian fluid

around the particle. Both sides of the equation are equal to zero in s steady-state.

Some of the variables have been defined already, u is the particle velocity, ρc is the

density of the dispersed phase (particle), ρD the density of the Newtonian fluids, cD

the drag coefficient

There is no general expression for the terminal velocity for free-falling droplets in

a fluid. This is because the drag coefficient depends on Reynolds number [57].

There are still some theoretical results obtained for the drag coefficient denomi-

nated ”creeping flow regime” which is used in the Stokes’ Law for rigid, spherical

droplets in this regime:

CD(ST ) =
24

Re
(2.4)
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This equation is only valid for small Reynolds.

Laws for terminal velocity of a non-deformable droplet is defined below in Sec-

tion 2.3. Classical analysis can provide a result for theoretical settling of a a single

droplet in the flow regime. This analysis cannot be used for higher Reynolds due to

the importance of inertial effects in this processes. As it can be expected, terminal

velocity predictions can be not closer in several cases as most of the approximations

are taken from little samples in comparison with the wide spectrum of situations.

Re = 0, 5 is the creeping flow limit. A deviation of 2% over Stokes Law has been

found for Re = 0, 25 and for Re = 3, 5 deviation was settled in 17%. Above this

limit settling velocity is obtained from correlations developed from experimental

data [18].

2.3 Terminal velocity

When in a mixed phase of two liquids there are denser fluid droplets on the other,

gravity will accelerate these droplets until the resistance (that includes drag and

buoyancy) exactly balances the gravitational force [54]. Once these forces reach

the equilibrium, droplets will have a constant velocity named terminal velocity or

settling velocity, Vt. Usually a study of droplets shape is performed with Reynolds

and Weber numbers. When droplets are very small will be considered with spherical

geometry always, being unnecessary to work with Weber number.

According to bibliography, there is not a single terminal velocity Law but three

different ones. For rigid spherical particles in a fluid, Perry et al. [55] provides three

equations, each one for a different Reynolds number regime. Reynolds number is

found following equation 2.1. For each regime exists a critical diameter for the par-

ticle. This diameter will indicates maximum diameter each law will applies:
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dc = Kc

[
µ2

g · d · (ρs − ρ)

]1/3
(2.5)

Where Kc is a proportionality factor distinctive for each law. These values can be

calculated following equations from [55]:

Stokes’ law Intermediate law Newton’s law

Kc = 33 Kc = 43, 5 Kc = 2360

Table 2.1: Factor distinctive for each law.

While working with a specific fluid which values to input in eq. 2.5 are known,

critical diameter can be found in order to know which is the law to apply in order

to get the terminal velocity. These three Laws are:

Law Reynolds regime Terminal velocity

Stoke’s Law 0,0001< Re <2

Vt =
g · d2 · (ρs − ρ)

18 · µ
(2.6)

Intermediate

Law

2< Re <500

Vt =
0, 153g0,71 · d1,14(ρs − ρ)0,7

ρ0,29µ0,43
(2.7)

Newton’s Law 500< Re <200.000

Vt = 1, 74

√
g · d · (ρs − ρ)

ρ
(2.8)

Table 2.2: Laws of settling.

Stokes’ Law is applied for low Reynolds numbers and small droplets diameter. In-
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termediate Law is for intermediate Reynolds and medium sized droplets, while New-

ton’s Law is applied for high Reynolds numbers and large droplet diameter.

Most of the time droplets will not act as rigid spheres, they can experiment de-

formations, internal circulation and different magnitudes of the forces acting on it.

Within the droplet, forces will be due to dynamical stress, internal tension and static

head of the exterior fluid. External to the particle forces will be due to dynamical

stress and static head of the interior fluid [30] . If droplets are considered spherical

interfacial tension will be the same in all points of the surface and forces acting over

the droplet will be over a radial line [22].

Wall effects

Although a detailed study of factors affecting the shape of the particle falls outside

of this thesis, so that formulae given in Table 2.2 will be considered as the one to

be followed, it is important to study wall effects. Proximity of the particle to the

walls can cause many effects in the terminal velocity. In the equations of motion and

continuity of the continuous phase boundary conditions can be changed by the effect

of containing walls [57]. The shape of the droplet, its orientation and position, and

the geometry of the walls are the factors that affect the droplet-wall interaction [39].

In 1983, Happel and Brenner [39] propose to include a wall correction factor K1

to correct the drag force acting over a non-interactive rigid sphere of radious a mov-

ing axially in a circular cylindrical container of radius R0. This factor is based on

the results of a previous experiment developed in 1958 by Haberman and Sayre [64].

In figure 2.5, the solid line represents the velocity profile of a fully developed lam-

inar flow, where l/d is the non-dimensional distance between the particle and the

wall, r is the distance from the pipe centreline and R is the pipe radius [59]. This
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Figure 2.4: Wall correction factor K1 from [39] extracted from results of [64].

experiment was developed in a Plexiglas pipe of 15.24 cm i.d. and 228.6 cm height

in 1995.

Figure 2.5: Velocity distribution along the radial direction [59].
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Droplets can experience more or less drag force depending on the ratio of the droplet

diameter to the diameter of the container (D/d), and the Reynolds number when

subjected to the wall effect [59].

From the work of Clift, Grace and Weber in [57], equations to explain velocity

in the walls for a cylindrical tube, are considered as follow:

u = Ui (2.9)

The formula shown in figure 2.5, is the equivalent of eq. 2.10 from [57]:

u = i

[
U + U0

(
1− r2

R2

)]
(2.10)

Where U0 represents the centreline velocity, i is the unit vector vertically directed

upwards and U is the absolute downward velocity of the particle. As the boundary

conditions are changing, it causes changes in the drag force and transfer rate. In

the case of being working with fluid particles, Clift, Grace and Webber [57] make

reference to an additional effect of the container walls on the particle shape. This

is, the K1 explained some lines above from [39] and [64]. So in this reference some

formulas in order to calculate the factor can be found as well.

Some years later, R. C. Chen and J. L. Wu made some advances with their experi-

mental investigation in the influence of Drag coefficient over a solid non-interactive

Sphere [24]. Part of the results are shown in Figure 2.6, where CD0 represents the

drag coefficient of the particle and ˙CD0 is the diameter of the solid sphere, and l/d

is the non-dimensional distance between the wall and the sphere. In the range of

Reynolds that the figure is showing, it can be said that for a distance between a

solid sphere to a wall higher than 2, wall effects can be neglected without making a

big miscalculation in further approximations and calculations.
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Figure 2.6: Influence of the non-dimensional distance between droplets from a wall

on the drag coefficient [24].

2.3.1 Deformable droplets

If a droplet size is large enough, it will deform in the presence of external fluid fields

until there is a balance between normal and shear stresses in the interface. The

study of fluid particles at steady state has the advantage of the limited amount of

possible shapes in comparison with solid particles because of this interfacial balance.

In 1978 Clift et al. [57] grouped under three categories the bubbles and drops free

motion in an infinite media with the influence of the gravity:

a)Spherical: Bubbles and drops are treated as spheres if interfacial tension

and/or viscous forces are much more important than inertia forces. A typical

approximation is to therm a droplet as spherical if the difference between axes

is less than 10%.

b)Ellipsoidal: Drops grouped in this group are oblate with a convex interface

around the surface. These droplets can suffer from period dilations and wob-

bling motions making their shape classification difficult. Their shape may not

be assumed as true ellipsoids, so fore-and-aft symmetry must not be assumed.
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c)Spherical-cap or Ellipsoidal-cap: Drops which adopt a flat or indented

bases are in this group. These drops often resemble segments cut from spheres

or from oblate spheroids.

Clift et al. did a generalized graphical correlation (Figure 2.7) in terms of the Eötvös

number (Eo), the Morton number (Mo) and the Reynolds number (Re):

Eo =
g ·∆ρ · d2e

σ
(2.11)

Mo =
g ·∆ρ · µ4

ρ2 · σ3
(2.12)

Re =
ρ · U · de

µ
(2.13)

Figure 2.7: Shape regimes for bubbles and drops in unhindered gravitational motion

through liquids [57].
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This Figure does not apply to the extreme values of density ratio, γ = ρp
ρ

or

viscosity ratio, κ = µp
u

found for liquid drops falling through gases.

Drop deformation

Figure 2.8: Axes of an Ellipse

Drops will flatten because of suffering a force

acting upwards and downwards their surface, ob-

tain an ellipsoidal shape. In order to obtain the

equivalent diameter of the ellipse, volumes are

equal. This equivalent radius is used in the plot-

ting values of the experiments. To calculate the

volume of the ellipsoidal drop the values of the

semi-minor axis b and semi-major axis a are used

as it can be seen in Figure 2.8.

V =
4

3
πr3 =

4

3
πa2b (2.14)

Then, applying the equation:

r =
3
√
a2b (2.15)

Finally the equivalent radius can be found as:

d = 2 · r (2.16)

2.4 Coalescence

As it has been defined in Section 2.1.2, coalescence is a process by which two or

more drops get in contact in order to form a bigger and unique drop. Small drops

have to coalesce in order to be able of settling faster by gravity with their weight.

The product of the collision frequency of sheared droplets and the coalescence ef-

ficiency of colliding drops determine the coalescence frequency. This is due to not

every collision lead to coalescence. Droplet coalescence can be found by the coa-

lescence efficiency of colliding droplet and the collision frequency effect [49]. This
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efficiency represents the number of droplets coalescing over the total.

Droplets can be considered as non-deformable rigid spheres if droplets are very vis-

cous compared to the continuous phase, or if droplets are very small (D<1mm) [48].

2.4.1 Film Drainage model

There are different models proposed to describe coalescence, but normally, it is

explained following the film drainage model (three-stage process). This model is

based in the drainage of a thin film between both surfaces of matrix fluid while it

is suffering the action of gravity [40]. The coalescence time is the time from when

the drop arrives at the interface and starts decelerating until it coalesces [67]. The

thin film has to be drained in order to get coalescence between the elements, this

drainage and rupture of the surfaces are the result of repulsive forces that stabilise

the film and attractive that lead to an union [65]. Once surfaces start to be closer,

Van der Waals forces can act to destabilize the film and a rupture in the surface [49].

Literature divides the film drainage model in a three-stage process:

1.1.1.• Approach and collide between two or more droplets, or to a bulk phase from

a large distance.

• Film drainage: After the collision, there is drainage of the matrix fluid (less

dense fluid) trapped between interfaces, which has to be removed.

• Destabilisation and rupture of the film leading to coalescence.

Approach and collision

When the drop approaches the interface, due to the increased viscous friction in the

gap between the drop and the interface, it will decelerate. The gap between the drop

and its bulk, consisting of the continuous liquid (lighter liquid) trapped between the

two interface, is usually termed as ”film” [67].
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The introduction of the critical approach velocity model in [15] and [16] mention that

small approach velocities lead to high coalescence efficiency. Anyway, contact and

collision is the premise of coalescence. Collisions used to be caused by the relative

velocity of the droplets. Liao and Lucas established in [48] that because of several

mechanisms relative motion may occur. It is assumed that these mechanisms are

cumulative. For a turbulent flow, they classified at least five of these mechanisms:

• Motion induced by turbulent fluctuations in the surrounding continuous phase.

• Motion induced by mean velocity gradients in the liquid flow.

• Different droplet sedimentation velocities due to a difference in the size of the

droplets.

• Bubble capture in a swirl.

• Wake interactions between droplets.

In the experimental part of this work, it can be distinguished two different situations

in the lab for which these mechanism will vary its importance. The first one, which

is made in static conditions, will be the difference in sedimentation velocities and

wake-entrainment. Although the second experiment has dynamic conditions, as it is

with low Reynolds, it will be considered the same mechanisms adding to these the

velocity gradient, as shear will be induced between interfaces. In both cases thermal

gradients will be considered, as there will be temperature variations. Liao thinks

in [48] that the approach and collision process will nearly never be the limiting factor

in determining the coalescence rate in highly concentrated water-oil emulsion as the

collision frequency, due to the proximity between droplets, is considered as 1.

In the modelling of collision frequency, models assume usually a dominant mecha-

nism due to the complexity of taking all relevant sources into account. Mathematics

models are out of the scope of this thesis, but references have been taken from the

work of Liao and Lucas [48].
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a) b)

Figure 2.9: a) Non-deformable surfaces, b) Deformable surfaces [48].

If droplets do not have enough collision force, it will rebound. It is stipulated that

in order for the film draining process to start, it is necessary a minimum collision

duration [47]. The magnitude of this force will determine the minimum separation

thickness attained during the drainage of the film. The higher the impact velocity,

the higher probability that the film will drain sufficiently during the coalescence

time so that the coalescence can occur [68] (Jeelani and Hartland stated that in the

larger impact velocity during collisions, the larger was the force and the shorter was

the time needed for the droplets to come to rest). The collision duration must be

long enough so that the thin film between the droplets can drain before the droplets

separate [47].

In 1991, Chesters related the collision force to an equation and another for the

contact time, tcontact. For viscous fluids, [71] gives eq.2.17 and eq. 2.18:

F ≈ 6 · φ · µc ·R2 ·
√
ε/ν (2.17)

tcontact ≈
(√

ε/ν
)−1/2

(2.18)

Where
√
ε/ν is the shear rate. For collisions governed by inertial forces, Chesters

proposed eq. 2.19 and eq.2.20:

F ≈ φ ·R2
film ·

(
2σ

R

)
(2.19)
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tcontact ≈
[(

4ρd
3ρc

+ 1

)
ρcR

3

2σ

]1/2
(2.20)

Those equations are extracted from Liao’s experiments in [48].

Film drainage

The film drainage model set that in order to coalesce, the liquid film must rupture

before droplets rebound (i.e. tdrainage < tcontact). [48] defines the drainage time as

the time required to extract the liquid located in the thin film between interfaces

until a critical thickness in order to lead to coalescence. Drainage time is longer

than film rupture, so it will be the one to define the coalescence process [21].

During the approach the film thickness can be asymmetrical respect to the line

of approach as one of the droplets can be inclined. When the process of drainage

of the film starts, it can be viscous or inertial. The drainage time and the shape of

the liquid film are affected by several factors such as forces over the film, physical

properties or angle and velocity of approach [70].

In 1968 Lee and Hodgson defined various regimes for film drainage. These regimens

explained in [56] are distinguished according to the rigidity of particles surface (In

this thesis non-deformable surfaces are supposed) [48] and mobility of the contact

interfaces. This mobility depends on both viscosities and the internal circulation

(also affected by viscosity, contaminants and size of the droplet) and the tension

gradients in the surface [5].

This drainage film can be calculated following Reynolds’ equation from [62]:

VRe =
2h3F

3πµcR4
film

(2.21)

In this equation h is the film thickness showed before in Figure 2.9, F is the interac-
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tion force between the droplets, or between the droplet and the interface, and Rfilm

is the radius of the film.

Non-deformable rigid spheres

The assumption of a non-deformable rigid sphere can only be done when droplets are

very small (D<1mm) and very viscous in comparison with the continuous medium

[47]. Although these droplets are slightly deformed, their behave is the one of a

rigid sphere. In 1991 Chesters [71] derived the the film drainage time for two rigid

spheres. In order to improve the approach, an equivalent radius that considers both

droplets radius can be added:

Req =
2R1R2

R1 +R2

(2.22)

tdrainage =
6πµc
F

(
R1R2

R1 +R2

)2

ln

(
hi
hf

)
(2.23)

Deformable particles

In most applications where large bubbles exist, the deformation of bubble surface

during the collision has to be considered. Inside deformable particles, it is needed

to differentiate between three different models [47]:

(a) Immobile interfaces.

(b) Partially mobiles interface.

(c) Fully mobile interfaces.

The parallel model is the easiest way to describe the film drainage of deformable

interfaces. First developed by Frankel and Mysels in 1962 [3], it says that the

surface of coalescing droplets form two parallel discs with a radius Ra as can be

observed in Figure 2.10. In 1939 Derjaguin and Kussakov found dimples in the

film, which implies the presence of pressure gradients in the surface. This means

the impossibility of having a planar surface, as it would not withstand the pressure
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gradient [25]. Pimple formation will be explained later in Section 2.4.2. Even though

the dimple formation, hitherto the parallel model is the basis of the most drainage

models. The mobility of the colliding interfaces will classify the regimes of drainage

in the case of the deformable particles.

Figure 2.10: a) Immobile interface, b) Partially mobile interface, c) Fully mobile

interface [41].

(a) The film drainage of the immobile interface model, (which is represented

in Figure 2.10 a)), is controlled by a viscous thinning. The liquid that

flows out from between the rigid surfaces is supposed to be laminar and

its film velocity profile will be parabolic without slip in the boundaries

conditions.

Chesters [71] bassed on a previous work of MacKay and Mason in 1963,

develop a predictive equation in the case of constant forces for the drainage

time, and adding the equivalent radius is:

tdrainage =
3µcF

4πσ2

(
R1R2

R1 +R2

)2
(

1

h2f
− 1

h2i

)
(2.24)

This can only be applied to systems with a very high dispersed-phase

viscosities or with a concentration of soluble surfactants [47].
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(b) Many liquid-liquid systems drainage can be controlled by the motion of

the film surface, the contribution or the additional flow within the film

due to the pressure gradient being smaller [47]. Again, chesters [71] de-

velop a predictive time for partially mobile interface.

tdrainage =
πµdF

1/2

2(2πσ/R)3/2

(
1

hf
− 1

hi

)
(2.25)

(c) The fully mobile interface drainage model in pure systems is the most dif-

ficult because the inertia and the viscous force control it. In 1975 Chesters

developed a basis for the drainage time [69] for two equal spheres.

dH

dt
=

[
σ

3µcR

dH

dt

]
exp

(
− 12µct

ρcR2
film

)
− σ

3µcR
(2.26)

H =
1

2
lnh (2.27)

As there is no analytical solution for Equation 2.26 two limits are consid-

ered. In highly viscous liquids, the film is thinning viscously, the drainage

velocity is independent of the film size and the force. Then the drainage

time is settled as:

tdrainage =
3µcR

2σ
ln

(
hi
hf

)
. (2.28)

For the inertial thinning limit, Equation 2.26 is as shown below in Equa-

tion 2.29. Equation 2.30 is an extension made by Luao in 1993.

tdrainage =
1

2

ρcutr
2

σ
(2.29)

tdrainage =
1

2

ρcu12d
2
1

(1 + d1/d2)2
(2.30)
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In Equation 2.29 drainage time is proportional to ut, which is the ap-

proach velocity of the two bubbles. In Equation 2.30 is observed the

dependence of the drainage time for the inertia is proportional to the

velocity of approach. This is, a small drainage time.

Lee et al. [20] applying a different model (Sagert and Quinn, 1976),

proposed that the inertial thinning is predominant in pure viscid fluids

(µc < 10mPas).

tdrainage =
Ra

4

(
ρcd

2σ

)1/2

ln

(
hi
hf

)
(2.31)

Film rupture

Film rupture is considered as instantaneous. There is not a lot of studies performed

in this filed. The film rupture occurs once the film is thin enough, then Van der

Waals and London forces and Taylor instabilities (due to long wavelength distur-

bances) create instabilities in the interface. When the amplitude is the adequate

this instabilities will lead to a break-up the interface leading to coalescence. If the

disturbances of a wavelength are sufficiently intense can lead to coalescence too. It is

not necessary all the forces to actuate in order to get coalescence [60]. This rupture

can be simultaneously in two places at the same time and is observed to start at

different positions.

2.4.2 Surface deformation

Although its importance does not affect small droplets as much as bigger droplets,

the film between two or more objects getting approach is supposed not to have the

same thickness along its frontier as Rommel et al. said in [21]. This deformation

phenomena, called ”dimpling” is mainly caused by the pressure gradient defined as

Marangoni effect. The pressure suffered makes surfaces to get adapted to the new

forces equilibrium. These effects is opposed by Gibbs elasticity, surface viscosity, sur-
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face and bulk diffusion [7]. Marangoni effect slows and scatters the coalescence time

[21].

Figure 2.11: Pimple and dimple formation

[7].

Dimple is formed when there is no

important attractive disjoining pressure

and the normal viscous stress and the

positive component of the disjoining

pressure cannot be encountered by the

capillary pressure [17]. Then, at a cer-

tain space width, surfaces will become

flat and because of the viscous stress the

surface will change suddenly from con-

vex to concave shape. Both surfaces will

attract each other if the disjoining pres-

sure is negative. If this pressure encounters the viscous deformation, the sum of

the dynamic pressure becomes 0, and the surfaces will generate protrusions. These

protrusions (opposite to the dimple) are called ”pimples”, and the gap between

the dimple and the corresponding surface ”pimple thickness” which is denoted as

hpt [7].

Figure 2.12: Approach of a droplet to a surface [47].

Once the liquid film at the barrier ring (figure 2.12) reaches a critical thickness,

the film becomes unstable and film rupture can appear from thermal or mechanical

stress [47]. The non-uniformity in the film formed between two droplets has been
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observed to increase with the size of the film [53].

2.4.3 Factors affecting the coalescence

The collision force and the droplet size are not the only factors affecting the coales-

cence. There are several factors that contribute to stabilizing or to enhancing the

process. Some of the most important are shown here:

Temperature

Interface of the films can suffer velocity gradients due to heat transfer [5]. These

gradients can cause a loss in the stability of the droplets, so an increment in tem-

perature decreases the coalescence time [38].

Droplet break-up

The coalescence ratio is affected by a previous droplet break-up before reaching the

interface. This can be due to different mechanisms. Dhainaut differences in [72]

some mechanism that allow this process:

• Maximum size with Rayleigh-Taylor and Kelvin-Helmholtz instabilities

• Rapid acceleration.

• Turbulent fluctuations and collisions.

• Non-uniformity in surfactant distribution.

• High shear stress.

When studying these phenomenas, Weber and Capillary numbers are used. Weber

number provides an study on the ratio of inertia forces to surface tension forces:

We =
ρcV

2
t d

σ
(2.32)

Where ρ is the density of the continuous phase, V is the relative velocity between

the fluid and the particle, d the droplet diameter and σ is the superficial tension.
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When We ≥1, it means that shear forces are higher than the cohesive forces, and

break-up will occur.

Capillary number provides a information about the ratio of viscous forces to surface

tension:

Ca =
µV

σ
(2.33)

Where µ is the viscosity of the continuous fluid, V is the relative velocity between

the fluid and the particle and σ is the superficial tension.

Capillary critical value indicates the minimum droplet size when considering the

dispersive mixing of immiscible fluids. The minimum value is gotten when the fluids

viscosity ratio is close to 1.If the Capillary number is small the drop will have an

ellipsoidal shape due to the interfacial stress dominating. If the value of the Capil-

lary number exceeds the critical value 25 the equilibrium shape can no longer exist,

the drop becomes unstable and breaks [74].

Surfactants

The presence of surfactants in the liquids affects the drainage velocity of the thin

liquid films and the hydrodynamic forces in these films as it affects the tangen-

tial mobility of the interfaces and has effects on the deformation of liquid-liquid

interfaces, complicating to obtain reproducible coalescence time (for a given liquid

in an interface) [38]. The presence of impurities is not necessary distributed ho-

mogeneously at the interface, so it will create interfacial tension gradients. These

gradients will give rise to forces that will prolong the coalescence time [5].

The effect of the presence of surfactants on the coalescence time was studied in [40]

by Hodgson and Lee. This experiment, performed with a toluene/water system.

Taking as a reference point a free-surfactant system, they investigated the effect of

deliberately added impurities on the coalescence time. Coalescence time was found
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to be very short without the presence of surfactants in the interface and less scat-

tered than with the presence of surfactants.

Another important factor over the coalescence time was the ageing of the interface.

At some point, coalescence time increased suddenly, affecting more small droplets

than large droplets. Small droplets can rest on a cohesive impurity because of the

small area of the film, while larger droplets area can cover several cohesive patches

impurities causing irregular thinning of the film [38].

Electro enhancement

The application of an electric field will enhance the film-thinning process. Electric

fields are applied to promote the contact between droplets, this is in order to facili-

tate the coalescence of small droplets to get the right size and be able to precipitate

due to the gravity force. It has been observed too that for a stronger electric field

the contact time between droplets will decrease [13].

Electrolytes

Chen et al. found in [43] that if there is an increase in the concentration of dissolved

electrolytes in systems of polar organic liquids, there will be a decrease in the coa-

lescence time of water droplets in organic media, and an increase in the coalescence

time or organic droplets in water. In previous works it was observed that when elec-

trolytes were added to a water phase in a water/oil system, the droplet coalescence

time at the interface is reduced [38] .

Vibrations and disturbances

Keelani et al. settled in [5] that coalescence times may be affected by external vibra-

tion. Taylor instabilities or an intense disturbance can lead to a film rupture causing

coalescence. The pressure fluctuation on the surface due to these instabilities can

include sounds and vibrations, fluid motion and interfacial turbulence [60].
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Lang and Wilke in [61] found that coalescence time is very dependent on the natural

vibration pattern in the environment. An intense sonic disturbance will initiate in-

stabilities, decreasing the coalescence time. Some frequencies where found to cause

droplet oscillations at the interface, increasing the film thickness and prolonging

the coalescence time in comparison with cases of no disturbance present. These

frequencies are lower than the calculated minimum.
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Chapter 3

Experimental facility design

The main part of this project consists on the design, construction and performance

of a new laboratory facility for the study of liquid-liquid separation. The idea is to

simulate a gravity precipitation as in an oil vessel in the closest conditions to 2D

with laminar flow. Droplets will be generated with a syringe.

3.1 Experimental facility

As is shown in Figure 3.1, the facility is a close loop composed mainly by two tanks,

two pumps, a bypass, a flow meter, a DP cell and the test section. Since the loop is

not pressurized, special valves are not required.

The intention is to have two liquids of different density cohabiting in the test cell.

The lightest fluid (ExxolD80 or oil) will flow from the Tank 1 through the loop until

the Tank 2 where it will be stored to avoid contamination of the heaviest liquid

(this is, working as a gravity precipitator). Once all the first fluid is in the second

Tank and impurities are removed, the recirculation pump will impulse it to Tank

1 again. The heaviest liquid (water) will be used to create the droplets that will

cross the main flow inside the testing cell. Water will be stored in two different ways:

• Stored in static conditions as in a pool below the test section without opposing
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the main flow.

• Flowing in a close loop counterclockwise crossing the test section and getting

in contact with the main flow in the interface creating shear between fluids.

To a better understanding of how the droplet moves, the process will be filmed by

a high definition camera over a film rail to follow the droplet fall inside the test

section. Here remains the biggest problem in the facility design: the design of the

test section, were the experiment will be carried out.

Figure 3.1: Facility sketch.
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Removable test section

The test section has not been previously defined, so the effects of its design and

size over the flux and the processes to measure are unknown. Therefore, several

complications with the resin and its structure resistance in the printing process as

other difficulties with the software design were suffered.

During this dissertation due to some issues the possibility of a Crystal-built test

section was not possible because of a lack of handwork in the laboratory. Several

test section designs will be studied in the 3D printer in order to get the best accuracy

and similarities with glass finish.

Working fluid

In the experiment two different fluids have to be used. For the droplet generation as

the denser fluid in the experiments, water was selected. The great ease of operation

and an extended knowledge about its properties makes water being the profitable

liquid for this operation.

As the main liquid ExxolD80 was selected.

3.2 Sketch of the test section

This section has to satisfy some pre-requisites:

• Avoid the wall effect.

• Have enough capacity for the liquid flow and make it as thin as possible (look-

ing for 2D).

• Work in laminar flow.

• Face both liquids avoiding to mix them.

• Chimney to introduce the syringe.

In Figure 3.2 a sketch of the test section with a differentiation between what could

be called ”Oil section” & ”Water section” can be appreciated as well as the interface
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Figure 3.2: Test section sketch.

painted in blue colour.

To size the section, Reynolds number is crucial to establish the parameters in func-

tion of laminar or turbulent flow. In this case, Laminar flow is sought, which means

that Reynolds number can not be bigger than 2000. Starting from a known pipe

diameter φ = 10mm, Reynolds in the pipe is calculated to a better understanding

of what is happening before the test cell.

A =
π ·D2

4
= a · b (3.1)

Equation 3.1 equals the pipe area with the area covered by the liquid in the test

section. This equation will be used later to calculate Reynolds and fluid velocity

inside the section.

The main pump works in a range of 30-4000 [ml/min] that transformed to in-

ternational system means a range from 5 · 10−7[m3/s] to 6, 67 · 10−5[m3/s].

φi = A · vi (3.2)

Now, following Eq. 3.2 the velocity of the fluid through the pipe can be known. The

intention is to make it slower to not miss the droplets in the current. Once velocity

is calculated, Reynolds in the test section can be calculated.

Re =
ρc · vt · d

µc
(3.3)

For this calculations water was used as it will be the liquid used for testing the loop.

For this oil, dynamic viscosity is 5 [cp], µ = 0, 001 and a density of 1000 [kg/m3]. As
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is shown in the graph [3.3], Reynolds number for the main pump variates between

16, 5 and 2223, which means that the flow rate will be laminar until a flow speed of

0, 133 [m/s] in the test section.

D(m) Density (kg/m3) v (m/s) Flow rate (ml/min) Re

0,015 1000 0,0011 30 16,5

0,015 1000 0,1482 4000 2223

Table 3.1: Reynolds variables.

In Table 3.1 variables for Reynolds calculations can be checked. Also, the kinematic

viscosity is settled in 0, 001 Pa · s

Figure 3.3: Velocity and Reynolds in the test section depending of the flow rate

(ml/min).

From the table generated graphics are made. These graphics will help to control

and regulate the main pump according to the experimental test.

These results shows that in order to calculate the Terminal velocity the three laws

will have to be used for the different ranges indicated below in Table
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Stokes’ law Intermediate law Newton’s law

0,000133 m/s 0,0333 m/s 13,333 m/s

Table 3.2: Flow speed limit for each Law.

3.3 CAD 3D design

Once dimensions are decided, the next step is to design in a 3D model the test sec-

tion. For this task Autodesk Inventor R© Professional software was use. It includes

options to free-form modelling, parametric and direct design automation tools and

simulation tools and advanced visualization [12]. This CAD program allows the user

to start from a 2D sketch, extrude it to the 3 dimensions and make modifications

over it.

Test section dimensions of the first design were settled in 30x15x600 mm for the oil

section and 30x20x450 mm for the water part of the test section. for the second

design, oil section is left as is and the water section dimensions now are 30x20x500

mm. Also the pipe connectors where settled in 15 mm each and the same diameter

as the pipes that were been used in the test section construction, this is, φ = 12

mm in the case of the main flow and φ = 8 mm for the water circuit. On the top

of the test section a chimney is located. This chimney will let to introduce a needle

inside the test section to generate droplets that will be observed interacting with

the different liquids and with the interface. This chimney is conceived as a cylinder

of 0, 5 mm height and a diameter of 0, 4 mm.

This design is thought to be built in a real scale in crystal, but as there was no

availability for making it in crystal the final test section had to be printed in a

3D printer. Due to this, the size of the section is changed to fit inside the printer

parameters which are 125x125x165 mm.

One of the possible options is to scale the 3D file in the software of the printer,

but this is not a good option since there is not option for scale just an axis but all
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of them. It could affect specially the plant section (see Figure 3.4) as its dimensions

are very small in comparison with the length of the piece, so it would not fit in the

facility.

Best option found is to remake the 3D file keeping the dimensions in the X and

Y axes and resize the Z axis changing it in the first design from 600 mm and 450

mm to 135 mm and 100 mm respectively to fit in the facility. The second model

will change the water section from 500 mm to 120 mm. The tube connectors were

kept with same length and diameter in order to avoid problems in the connections

between pipes and the test section. This could be critical for the experiment. As the

piece is resized it means that the droplet will just have a 22, 5% of the original length

to coalesce through the oil flux. If the main pump make the oil flow with a high

speed through the test section the droplet could not have enough space to arrive

in the water-oil interface and coalesce. A deeper scope of this will be explained later.

At first wall thickness was set in 1 mm to allow to film through the resin. Some

restrictions were found as it will be explained in Section 3.5. Once the test section

is designed as a solid piece, it is hollowed to allow the liquid to flow inside. To avoid

the collision between the fluid in the entrance due to the thickness in the walls, the

connection to the pipe mas elevated 1 mm at the entrance and exit.
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Figure 3.4: Test section planes of the first design without proportions in DWG

TrueView 2016 R©: a) Plant, b) Profile, c) Elevation.
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Figure 3.5: Test section planes of the second design without proportions in DWG

TrueView 2016 R©: a) Plant, b) Profile, c) Elevation.
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Final proportions of both models are shown below in Table 3.3.

Axes

Model Section X Y Z Z’

Design

I

Oil Section 30 15 600 135

Water Section 30 20 450 100

Design

II

Oil Section 30 15 600 135

Water Section 30 20 500 120

Table 3.3: Parameters of the test sections.

All the measurements are in millimeters, Z axis is the real measure and Z’ is the

scaled one to fit in the printer.

3.4 3D printer

A 3D printer provides the laboratory of a new dynamic way in the facility design

and construction because of its quickness, ease of handling and accuracy transform-

ing designed theoretical sections into material ones. These type of printers allow

the laboratory personal to test several designs without large economic costs and

avoiding to waste time in defective designs that do not fulfil the requirements they

were made for. In some cases it does not only provides a helpful step in the way to

build some elements, as also those elements can be used as permanent components

in the facilities without the need of building it in other materials.

The Form 1+ is a laser 3D printer of high resolution. Its dimensions are 125x125x165

mm and can work with different types of resins that provides the costumer of dif-

ferent properties for the prints. This model can print the layer thickness from 25 to

200 microns and a Laser Spot Size (FWHM) of 155 microns with auto-generated

supports. As in this case the printer is used to research purposes that have to be

filmed, the resin selected was the most transparent available, which was the Clear

Resin GPCL02.
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After have designed the test section in a 3D model, the file is exported in a .lsd

file to a software compatible with the 3D printer. The manufacturer of the Form

1+ (Formlabs R©) offer a free software in its webpage [8] (PreForm Software 2.4.1).

From this software plant, elevation and profile exported from Inventor were obtained

as can be seen in Figure 3.4.

3.5 Manufacturing process

The designed section for the 3D printer is a big scaled model of the real design in

order to fit in the printer and be able to develop the experiment in a valid conditions.

The printer will overlay hundreds of tiny layers until create the test section.

One of the first factors to take into account is the type of resin the section is going to

be built. It will be crucial to obtain the desired finish as it can be the transparency,

flexibility or tough. In this case as the project will be focused on filming the process

to a better understanding, the resin has to be as transparent as possible. Clear

Resin GPCL02 was selected.

Figure 3.6: Print setup in Form-

labs.

Although some design parameters selected as

limits in this thesis are given as valid by the man-

ufacturer the experience shows that they were

not valid. One of these critical parameters is

fixed when the Formlabs software is opened: The

thickness between layers. Even though the pro-

gram gives a range between 0, 25 mm to 2 mm

and the GPCL02 Resin is the unique resin that

Formlabs recommends to use with 2 mm the

laboratory experiences during this thesis reject

this thickness in the construction of medium and

large sections as several prototypes where not
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completed during the printing process. Three different factors are marked as possi-

ble causes of the break of some models during the test:

• Separation between layers can not be too much in order to solidify the resin

and get a resilient section.

• Parameters of walls thickness settled in Inventor have to be more than 1 mm

to get enough strength.

• Aging resin.

Manufactures recommend once the bottle of resin is opened to use it before 2 months

or the properties of the resin can be decreased. Its cohesion and strength to solidify

may be affected in the sections which supports are not well positioned since the first

bottle used has been opened 4 months before this thesis.

Another of these critical parameters is the minimum supported wall thickness from

the 3D design. Formlabs recommends not to input a wall thickness thinner than

0.4 mm, but the limit found during the printing part was found in 1 mm to get a

certain hardness. If a thickness of 1 mm was settled the walls were easily deformable

and unstable probably because of the big size and sections without supports. As it

will be explained in following sections, it does not mean that the printer can not

define surfaces of 0.4 mm thickness. This thickness can be included as a specific

part inside a bigger one, e.g. a window frame inside the wall if necessary supports

are input manually. The problem with smaller walls thickness comes when it has to

provide support and strength to other components of the test section.

The solution to the problem of unsupported parts (figure 3.8) is the situation of the

piece in the printer. The final printing file sent to the printer was face up so the

supports could hold the piece. Also, it was found that a vertical position in the

printer was not a good option. Although it allows to print a piece with a very few

supports, the high number of layers needed even with a high layer thickness (around

1500 layers) which made it a very long process to print, the difficulties to print a
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a) b) .

Figure 3.7: a) Uncompleted models printed with 2mm layer thickness. b) Uncom-

pleted model printed vertically.

complete model and the bad transparency because of the verticality layers so it was

rejected.

X Y Z

-16o -15o 45o

Table 3.4: Axis orientation of the piece faced up in the printer.

It is necessary to study the piece tensions in the Preform Software in order to known

its the viability during the printing. To support the piece is necessary to generate

supports that hold the design during the printing process. It can be done manually

or auto-generated by the program. There is also an option for generating supports

inside the piece to shore up overhangs and other difficult geometries. This option is

normally missed since there is not possible to remove the supports inside the piece.

These supports will be removed later after the treatment with a solvent. After the

auto-generation of supports the software gives shows regions were the printing pro-

cess can be problematic due to a lack of support which is marked as red regions in

the render (figure 3.8).
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Before printing a checkup of the printer is needed. The most critical step found

in the tuning of the printing process was the resin level. Although it is indicated to

be between two marked lines in the resin tank, it is highly recommended to fill it

close to the upper limit. This is due to two main reasons:

• The size of the piece, which is close to the limits of the printer.

• As working with a viscous liquid and the tank is being inclined in each layer

to separate the upper support it can suffer a lack of resin in some parts mo-

mentarily, so the final piece could be not completed in some parts.

After all this settings, some of the best parameters found for this test section are

shown below in Table 3.5:

Material White FLGPWH01

Layer Thickness 0,05-0,025 mm

Wall Thickness 1-2 mm

Density Supports 0,5-0,8

Point size Supports 0,5-0,7 mm

Table 3.5: Range of parameters to manufacture the test section.
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a)

b)

Figure 3.8: a) PreForm Software render study of probable critical points over the

designed structure during the printing process. b) Uncompleted printed model with

critical points in its upper part.
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Chapter 4

Facility construction

Test section

4.1 Printed models treatment

Some unsuccessful models have been presented in previous sections as examples of

possible failures during the printing process. After some test models for a first con-

tact with the printer to know its bowels some valid models saw the light.

These first valid models where treated with different chemical processes to study

their effect on the solidified resin. The reason of this study is try to get the best

transparency trough the resin to be able to film behind the walls.

The manufacturer recommends to immerse the printed object some minutes in a

dilution of isopropyl alcohol. It is a colorless, flammable chemical compound with a

strong odor, so it will have to be stored in a hermetic box out of direct light where

it will not evaporate unless it has contact with the ambient. The reason for this last

process is to remove the viscous resin leftovers over the test section to weaken the

supports connections to it and make their removal easier. After it is cleaned with

water to remove rest of the alcohol and resin. The negative part of this process is

that the resin colour gets cloudy and loses the transparency, which is the purpose
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of this work.

Figure 4.1: Finish with a treat-

ment based on isopropyl alcohol.

Formlabs’ webpage offers some advices from ex-

perts to get better results in the printings. Fol-

lowing some of this advices to get an improved

transparency, some models were treated with a

polished process on a wet sandpaper of 800 grid

and later with one of 1200 grid. After the pol-

ished, it was treated with an acrylic cleaner over

a cork board. This method was followed with

and without a previous immersion of the test

section in isopropyl. The best result was gotten

with the model pre-treated with isopropyl since

the one just pre-treated with water was sticky

because of remaining liquid resin over the sec-

tion, so it gets dirty. Nonetheless the other pre-

treated with alcohol was not a successful process (see Figure 4.2) as the cloudy

colour of the resin did not allow to observe the inside of the test section and because

of the sand paper it was scratched.

Figure 4.2: Finish following the instruction of Formlabs to improve the transparency.
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From this point some home processes were tried using the available material of

the lab. The first idea was to treat the test section with another alcohol which

could remove the resin without removing the transparency. The alcohol selected

was ethanol, an antiseptic alcohol. This process results were similar to the ones of

the isopropyl, so it was rejected.

The second process thought was to clean the the test section with soap and wa-

ter but the rests of resin were sticking the filaments of the sponge and the soap so

neither was valid. Finally, the simplest process got the best finish: clean the test

section with warm water and paper. Although the piece was remaining a little sticky

it also was not loosing much transparency if keeping it in a clean space out of dust.
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a) b)

c)

Figure 4.3: a) Isopropyl treatment. b) Formlabs process. c) Warm water treatment.
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4.2 New model design

Now the situation of the project is as follows:

• The designed test section is valid for running the facility.

• The facility is not able to film the process.

Summarizing, although the design of the test section is valid, the use of resin for its

construction makes it uncompleted for the requirements of filming.

In order to solve the film issues, a re-design of the test section was selected as the

best option. Assuming that both models were correct in their shapes, probably with

some modifications it would work. One option is to use crystal slides as those used

to keep samples in good conditions to observe in the microscope as lateral windows

of the test section. If the 3D printer accepts the modifications, the option of opening

a window frame in both sides of the test section and later paste the crystal slides

in both sides it could be possible to film the interface and the droplet sedimentation.

The idea is to open both side walls, where the slides can be fixed with some glue

or silicone. One will be to film trough it and the other for illumination. To export

the conception of the idea to the 3D file, this ”window frame” is conceived as two

different extrusions. It is, one for holding the slide and other to work as ”window”.

This ”Window Frame” can be appreciated in the elevation in Figure 4.11.

As explained before in Section 3.5 there are some issues when the thickness of the

wall section is thinner than 1 mm. Previous models shown that for a walls thickness

of 1 mm or less, the strength could be not enough to support the building process

and a extra supports have to be generated manually. In this case, as the frame

is only a small part of the whole wall, the necessary supports input manually are

reduced to just a few in the middle part of the frame. Because of the GAP in

the middle of the walls the roof can suffer during the printing process, because of

this internal supports have to be added manually but since the inside part of the
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test section is accessible through the windows they are not a problem to be removed.

The crystal slide dimensions are 76x26 mm. This implies that the first extrusion has

to be bigger than those dimensions and the second extrusion has to be smaller so

that the slide can be fixed to the frame. Due to these dimensions the model selected

to work on is the first model, as its height is very similar with a wall thickness of

2 mm to have space to generate the extrusions. The window frame consist on an

extrusion of 1mm with the following dimensions in the YZ plane 27x77 mm. This

extrusion is not centered but close as possible to the chimney where the droplet will

be released. Talking about coordinates in the YZ plane, if the top coordinate of the

oil section is fixed in (15, 0) mm, the chimney is in (15, 18) mm and the frame starts

in (17, 14) mm.

The second extrusion makes the slide to be in contact with the inside of the test

section, so the camera will be able to film inside of it. In order to avoid problems

with the dimensions and to have enough space to paste the slide to the window

frame, its dimensions are 0, 5 mm left by each side of the slide, this is, 72x22 mm.

This ”window” unlike the first hole is centered in the previous one so that there is

the same spare space by each side of the crystal slide to surround it by glue and be

able to avoid leakages.

The process of printing will be almost the same as indicated in previous sections.

The only difference is that as there are empty parts on the walls it will be necessary

to generate manually supports to the frames. Two models are printed, one with

tube connectors for the water and the other without these connections.

As the resin will be used as a support and not to film trough it, the post process

after being printed can be with isopropyl since it will not have to be transparent

and also the isopropyl will remove all the rests of resin over the printed section.

To handle and manipulate the crystal slide latex gloves are required since they
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are very fragile and can get dirty quickly.

Figure 4.4: Test section planes of the second design without proportions in DWG

TrueView 2016 R©: a) Elevation, b) Plant, c) Profile.

Figure 4.5: Test section model in Inventor R©.

Final proportions of the re-designed model I is shown below in Table 4.1. The size

of the tubes connectors are not included since are kept constant in all the models as

it was explained in Chapter 4.
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Axes

Model Section X Y Z Z’

Design

I

Oil Section 30 15 600 135

Water Section 30 20 450 100

Extrusion I 1 27 - 77

Extrusion II 1 22 - 72

Table 4.1: Parameters of the test sections.

All the dimensions are in millimeters, Z axis is the real measure and Z’ is the scaled

one to fit in the printer. The Z dimensions for the extrusions are skipped since it

corresponds to models built in a transparent material.

Facility

4.3 Facility set-up

The set-up of the facility was performed in collaboration with the laboratory staff.

Reidar was in charge of the mechanical part while Adrien performed the electrical

installation. Due to some external factors this set-up lasted four months.

Following the diagram from Figure 3.1 the different components of the system

installed are indicated right below and showed in Figures 4.7 and 4.6:

• Flow meter.

• DP cell.

• Flexible pipes.

• Rigid pipes.

• Manual valves.
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• 50 L tanks.

• By-pass system.

• Electrical installation.

• Manual control panel.

Figure 4.6: Set-up of the facility.
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a) b)

c) d)

Figure 4.7: a) Flow meter. b) DP cell. c) Bypass system. d) Pumps installed.
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4.4 Instrumentation set-up

After the set-up of the loop components it is needed to install the measurement

equipment it counts with. Thorlabs components were used as stands.

• LED lights.

• T-cube LED driver.

• LED stands.

• Syringe stands.

• Camera rail.

• Camera stands.

• Computer.

These items are shown below in Figure 4.12. Camera presented in Figure 4.12 (C) )

is the camera that will be used in future experiments but not the one used to perform

the illumination set-up as it will be explained later. LEDs stands are adjustable to

set different light positions.

Figure 4.8: Camera rail with DCC1545M-GL camera.
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a)

b) c)

d)

Figure 4.9: a) LEDs stands. b) T-cube LED driver. c) Grasshooper camera. d)

Computer.
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4.5 Calibration

Figure 4.10: Control panel.

Due to the height difference of the water be-

tween the test section and the flow meter, the

water tends to go out through the chimney when

high flow rates are used (hydrodynamic jump).

Incorporating a flexible pipe section the maxi-

mum pump speed found was 50% as whit this

speed the height equals the flow meter. Previ-

ously in Section 3.3 Figure 3.5 defines the speed

and Reynolds number depending on flow rate.

For a 50% flow rate (2000 ml/min) flow speed

and Reynolds inside the test section are found to

be 0, 4 m/s and 0, 65 respectively. High speeds

also create waves in the entrance of the test sec-

tion as the flow hits over the entrance ground

causing turbulent flow. Anyway, if the pump provides a slow flow (even though the

pipes have air inside) the entrance and flow through the test section is valid for

illumination tests.

4.6 Visualization and illumination set-up

In this section a practical explanation to find the best illumination in order to be

able to record the experiments in the future is presented. This section is an experi-

mental testing of Section 4.4. A DCC1545M-GL Formlabs camera was used to make

the set-up of the visualization. To perform the illumination study three different

types of LED lights were used behind a diffuser: Green, red and white.

LEDs are controlled manually with T-cube LED drivers. In order to compare results

some Exxol droplets where released and filmed with the DCC1545M-GL camera. All
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Figure 4.11: Visualization and Illumination sketch.

the illumination set-ups were made with LEDs working at 100% power as it is found

for all the colours to provide the most efficient illumination with a diffuser in front

of it.

a) b)

Figure 4.12: a) White LED. b) Green LED.

Green and red LED are both manually adjustable with the two T-cube installed

in the facility but white LED is not adjustable so the only thing to do whit it is

to regulate its stand to put it far or closer of the diffuser. As the LED light is

concentrated in one point, a diffuser is set between LEDs and the back of the test

section so that the light can illuminate all the window opened.
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The camera is controlled with a free software downloaded in Thorlabs webpage,

the ThorCamTM. This camera films in monochrome colour, 1280 x 1024 Pixels at

up to 60 Frames per Second. To adjust and focus the camera some Exxsol droplets

will be generate manually in static mode of the loop with a water-air interface inside

the test section. Two different needle diameters are going to be used:

• Yellow needle: 0, 7x30 mm.

• White needle: 1.1x40 mm.

The reason why different needles are used is to make sure that the camera can focus

it without variate the light set-up.

Figure 4.13: Droplet generation with Yellow needle and White LED light. T=2s.

Figure 4.14: Droplet generation with White needle and White LED light. T=1,8s.
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Figure 4.15: Droplet generation with Yellow needle and Red LED light.

Figure 4.16: Droplet generation with White needle and Green LED light.

Figure 4.17: Set-up with computer and Red LED.
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Chapter 5

Results and discussions

5.1 Test Section

5.1.1 Results

The first model for the test section consisted on a solid piece built in resin. Results

of the different post-printing processes applied to the models can be observed in

figures from Section 4.1, where the achieved transparency for the later visualization.

The best illustration of the different processes is Figure 5.3, where the worst and the

best process are confronted. There were no water leakages and the DP indicated a

maximum value of 3, 4 mbar which is an acceptable value for pressure drop in the

test section.

5.1.2 Discussion

Although the warm water process could be classified as valid for keeping the grade

of transparency of the resin in a very high proportion, the image of the camera is

still being disturbed like if the camera lens was unfocused. Even though an infrared

camera would be used to film, the shapes will not have to be very visible to be

differentiated through the resin walls, the irregular shape in the inside of the walls

and the layers do not let to film the coalescence process properly.

66



Visualization through the resin walls was not an acceptable method to observe the

process of gravity separation inside the test section as the resin creates an effect of

unfocused in the camera.

Figure 5.1: Differences between isopropyl process (up) and warm water process

(down).

5.2 Test Section Re-design

5.2.1 Results

Second model of the test section was developed in order to achieve the characteris-

tics which first model could not fulfil, this is, transparency for visualization. Second

model was designed and built with windows and window frames following Section

4.2. These windows where covered with crystal slides of 76x26 mm and pasted with

plastic silicon as can be appreciated in Figure 5.2. No water leakages where noted

after drying of the silicon. DP cell detected a maximum pressure drop of 5 mbar,

which as same as the first model is a valid value.
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Figure 5.2: Test section with crystal walls and air-water interface.

5.2.2 Discussion

As the printed model has not to provide transparency because of the crystal windows

glued, it was not necessary to treat it with a different method than the recommends

by the manufacturer These windows allow to observe the inside part of the test

section and to illuminate it. Even though the resin was stuck around the test

section covering some crystal parts it was not of importance for the visualization

process since the interface part was free of silicon as can be observed in Figure 5.2.

5.3 Facility set-up

5.3.1 Results

The loop has been built as is indicated in Section 4.3. Both calibration of the system

and visualization process were performed running water from Tank 1 to tank 2 with

a maximum speed of 50% of the maximum main pump speed. DP cell was purged

and free of water or air droplets and did not appreciated an important pressure drop

during the tests. Recirculation pump speed had to be regulated in order to provide
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a flow rate which can fill Tank 1 quickly.

Figure 5.3: Close loop of the facility with measuring instrumentation.

5.3.2 Discussion

Some problems were found while running the close loop which has to provide the

flow of the lighter liquid on the interface. This problems were related to the different

height of the several components facility. The height difference between the Flow

meter and the test section creates an hydrodynamic jump which makes the water

to look for an exit as it gets into the test section. This is not an important issue

since the test section height can be regulated until the Flow meter height. Another

solution found would be to change the position of the outlet to a lower one.
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5.4 Visualization and Illumination

5.4.1 Results

For visualization and illumination process water was flowed through the loop to

create an air water interface inside the test section. Then with the help of an sy-

ringe provided with different needle diameter as it has been explained in Section

4.6 Exxsol droplets where released inside the water flow. These droplets were illu-

minated through a diffuser wall with three different types of LED: white, red and

green and filmed with a DCC1545M-GL camera with a Grey scale to black and

white. Although in the theory presented in Chapter 2 droplet size is a critical pa-

rameter to study the gravity separation process, as this experiment is to validate

the illumination and visualization process, the droplet diameter is not important so

droplets were made manually.

White LED light is found ti provide the best illumination to visualize the grav-

ity separation process as can be observed in Figure 4.13 and in Figure 4.14.

a) b) c) d)

Figure 5.4: a) & b) White LED. c) Red LED. d) Green LED.

5.4.2 Discussion

Some problems are found while using the Exxsol. As its characteristics are quite

similar to the water, the droplet formation and its flotation and coalescence on the

liquid-liquid interface is almost instantly. Also, some water and air contamination in

the Exxsol and in the needle creates some bubbles which affects the Exxsol droplet

generation.
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As it can be observed above in Figure 5.4 the differences between Green and white

illumination is minimum but with the White LED the focus process was easier.

This illumination let to film the sedimentation process through the crystal walls

and follow it over the camera rail if needed.
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Chapter 6

Conclusions and further

recommendations

6.1 Conclusions

A test section has been designed and built to reproduce the separation process suf-

fered inside gravity separators. The design has been focused in the influence of the

influence of shear over the liquids and over the separation process. The experimen-

tal results gotten show that the designed loop and specially the test section cover

the demands they were made for and can host the separation process and allow to

observe it.

3D printer has been shown as a valid method to manufacture preliminary parts

to develop experiments or at least partly since the transparency through different

methods have been studied and result were not satisfactory. Resistance of the resin

can be insufficient once it gets dried but it allows to check and validate or reject

prototypes before spending money, time and resources on it. The aged of the resin

has been found to be a critical parameter in the resin properties as it was shown

that with the time it was more and more difficult to print a full section.

Illumination and visualization has been presented with a certain grade of succeed.
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There are several possible configurations for the illumination with different final ef-

fects over the visualization so that depending on the liquids used, as a Grey scale of

black and white is used, depending in the different properties between liquids each

configuration can be chosen freely.

6.2 Further recommendations

Experimental results show the necessity of a longer test section to let the droplets

generated to coalesce inside the test section because of the flow speed. The study

of the gravity separation with different flow speeds has to be studied. A printed

section build in resin in a 3D printer can be a valid section for small flow rates it

would be needed to separate it in several printing sections to later be glued with

silicon and a crystal slide would be necessary as a window to be able to observe the

inside. It could has problems with the texture of the boards once the silicon dried.

Anyway it is highly recommended to build one test section in a transparent material

following the dimensions calculated in the theory. Although it can be problematic

due to the small pieces needed the final result would be better and more durable.

Concerning the test section design, even though the one presented in this thesis

works and has been validates, it is recommended to get low the output of the main

liquid flow to avoid problems with hydrodynamic jumps and differences between in-

let and outlet flow. It would be also very important to change water inlet and oulet

from the XY plane to the XZ, it is, the bottom of the test section and incorporate

a separation wall simulating the one present in the gravity separators so the oil has

to flood over it as can be observed in Figure 2.3. This wall could help to keep the

oil going to Tank 2 free of water and regulate the interface in the test section.

To perform further experiments it will be needed to generate water droplets. This

method has to be enough flexible to generate droplets of different diameters and if

possible it has to be able to generate clusters so that the influence of neighboring

droplets can be studies. In previous thesis student have used electric field pulse
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based injection of an electrically neutral water droplet in oil. This method can get

droplets of a very small diameter but it can not generate several droplets without

being in a queue.
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