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Abstract

The improved separation of liquid-liquid dispersions by coalescence has stimulated signif-

icant interest since the development of more efficient, microprocessing methods. This is

due to the requirement to create fine droplet dispersions for increased mass transfer rates.

However, efforts to increase mass transfer rates via an efficient mixing method are futile,

if the dispersions created cannot be effectively separated.

By combining the separation properties of different advanced settling devices, the basic

plate-type separator (P-TS) is highly efficient at separating immiscible fluid dispersions.

This is shown through the achievement of 83% separation with a non-optimised P-TS,

separating an immiscible water-kerosene dispersion of initial droplet size 100 µm. The

P-TS is manufactured from two plates, one hydrophobic and the other hydrophilic. The

difference in interaction of the aqueous phase with the two plates is proven to enhance

the separation efficiency of the P-TS. The simple, compact design with few crevices and

no moving seals, reduces the likelihood of corrosion and increases the potential lifespan of

the unit. The simplicity of the design makes the P-TS perfect for industrial application,

in particular the nuclear industry; where is it easy to predict how the unit would operate

within a nuclear reprocessing facility and how decommissioning with traditional methods

would be achieved.

This work was completed in three stages. Firstly, an understanding of the coalescing

interface was developed with static droplets. Next, the commissioning and testing of

a simple P-TS was completed, with completed tests challenging the overall separation

mechanism of the device with increasing plate spacings. Finally, design alterations were

made to enhance coalescence and separation based on results from the previous stages.

Overall, it was found that maximising the difference between plate interaction with

each phase through the use of a super-hydrophobic and hydrophilic plate configuration,

the utilisation of confinement theory thought the reduction of the plate spacing, and the

introduction of localised turbulence with the presence of plate textures, provided a final

optimised design achieving a separation efficiency of 96.9 %.
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CHAPTER 1
Introduction

The United Kingdom has vast experience with managing nuclear facilities, operating 41

reactors, two reprocessing plants and several other fuel processing facilities since 19561.

Unfortunately, due to intermittent financial and political support, the industry will be

reduced to only 5-9 reactors by the end of 2018 (dependant of end of life extensions)

and no reprocessing capacity2. An effort to restore the industry has been made through

the identifaction of 11 site for potenital new reactors2. These reactors would be more

advanced, third generation reactors producing 16GWe collectively3. Despite this effort

to re-establish nuclear power within the UK, no long term reprocessing goals have been

outlined and all new reactors will operate within an open fuel cycle. Overall, in terms of

progression, this is considered a huge step back for UK nuclear3. Slow progression is not

uncommon for the nuclear renaissance due to the high outlay of new nuclear investment,

both financially and politically.

With this in mind, industry and research institutes are combining R&D efforts to

ensure the skills and technology required are available when advances in civil nuclear are

required. This research is funded within the research council R&D collaboration, PACIFIC

(Providing a nuclear fuel cycle in the UK for implementing carbon reduction)4. PACIFIC

is a collaboration of major, industrial research facilities and 12 leading UK univerisities.

The main aim of PACIFIC is to address research requirements essential for the UK to

achieve a closed fuel cycle4.

There are three potential nuclear fuel cycles a country can adopt when they choose

nuclear energy: open, partially closed and closed5. In an open, or once-through cycle,

nuclear fuel is used only once to produce energy; after which the fuel is removed from the

reactor, cooled and immobilised for long term storage. The open fuel cycle is the only

fuel cycle option that does not recover any usable components from the spent fuel5. The

partially closed fuel cycle reprocesses the cooled spent fuel, to recover usable uranium

and plutonium6. The uranium and plutonium is then stored and processed for use in
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mixed oxide fuel (MOX). In addition to producing a MOX fuel, an advantage of partial

reprocessing is the further classification of nuclear waste. Further classification of waste

can reduce the volume of waste that requires long term, deep geological storage6. The

UK adopted a partially closed fuel cycle in 1997, however, in 2018 the thermal oxide

reprocessing plant (THORP) closes, beginning an open fuel cycle for current, planned

future UK reactors7. Finally, the closed fuel cycle incorporates advanced reprocessing

techniques to recover all usable elements from spent fuel, reducing high level waste (HLW)

to a minimum8. This is achieved by increasing the fuel acceptance window of reactors to

include atoms traditionally taken as HLW including neptunium, americium and curium8.

To achieve fission of these atoms, high temperatures are required to provide neutrons with

greater energy. Neutrons with higher energies are known as fast neutrons as the increased

energy causes an increase in their speed; fast neutrons are produced with fast (GEN IV)

reactors6. The increased energy of the fast neutrons is required to cause a fission event

occurring upon collision with one of the heavier actinides (uranium, plutonium, neptunion,

americium etc.)6.

Advanced chemistry options are being developed so that heavier actinides can be re-

covered and to reduce the proliferation, as well as the traditionally recovered uranium and

plutonium. Within this thesis, traditional extraction methods are challenged to meet the

requirements of the new advanced chemistry options being developed. This is achieved

thought, the development of a high efficiency plate-type separator (P-TS) for the separa-

tion of immiscible liquids. The outcome of achieving this goal will be reducing separation

times and volumes, providing an overall reduction in the economic impact a new repro-

cessing facility would have on the UK or elsewhere.

1.1 Nuclear Reprocessing

Reprocessing in its basic form is the treatment of spent nuclear fuel to recover the usable

plutonium and uranium from the highly active, long lived isotopes and other wastes5.

Advanced or further reprocessing is the extraction of uranium, plutonium and heavier
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actinides. These heavier actinides are only produced within a reactor environment and

therefore their potential properties are still relatively unknown; one recently discovered

application on a heavier actinide is the use of americium as a constant heat source for

space travel9.

Much of the development of advanced nuclear reprocessing options has focused on

the separation of actinides from lanthanides10. It is paramount that a high separation

is achieved as lanthanides act as neutron poisons within a neutron driven system, such

as within a reactor core, due to their large neutron absorption cross section11. Whereas,

actinides are required within an advanced reactor to produce energy upon collision with

a fast neutron. The separation of lanthanides and actinides is difficult due to having very

similar electron structures. Displayed in the f-block of the periodic table (Figure 1.1),

actinide and lanthanide outer electrons occupy the 5f and 4f subshells, respectively11.

Figure 1.1: Location of F-block on periodic table; the F-block contains the Lanthanides,
shown in pink, and the Actinides, shown in blue12.

Actinides and lanthanides have similar ionic radii due to indentical inner electrons13.

The property utilised in reprocessing is the bonding strength between the nucleus and

actinide outer shell electrons14. As the actinides outer most electrons, the electrons in

the 5f subshell, are less tightly bound to the nucleus, therefore, feel less of an attraction
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to those in the 4f or 5d subshells. This slight difference gives actinides a minimal but

important increased attraction to alkaline solutions14, which is taken advantage of within

nuclear reprocessing. It is this behaviour that means actinides can form more oxidation

states within aqueous solutions; for example americium can be forced into oxidation states

III,IV,V and VI, whereas a lanthanide (Ln) in a aqueous solution will exist prominently in

the trivalent state, Ln(III)14. Controlling an elements oxidation state using different acidic

and alkaline conditions allows for the control of which chemical complex the element will

form with the extraction ligand. The control of process chemistry allows for the removal

of the desirded element(s) from others within an aqueous solution, forming the basis of

solvent extraction based reprocessing14.

1.2 Solvent Extraction

There are many different proposed methods for reprocessing nuclear fuel; ion exchange,

electrolysis and solvent extraction are just a few10. Solvent extraction is currently the

only method commercially used15.

Interface

Aq

Org

Figure 1.2: Schematic representation of a basic solvent extraction stage. Solute A (red),
initially dissolved in the aqueous phase (yellow) with unwanted solutes (black), is extracted
into the organic phase (blue). Extraction occurs when the two phases are mixed (shown
as green). Both solutes are then distributed between the upper and lower phases.

Solvent extraction in its simplest form is illustrated in Figure 1.2. In basic solvent

extraction, a vessel is filled with two fluids of different phases, an aqueous (Aq, yellow)
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and an organic (Org, blue). The desired solute (solute A, shown in red) is initially dissolved

into the aqueous phase with other undesired elements (shown in black). Through contact

with the organic phase, solute A is extracted and distributed between the two phases;

provided the organic phase has a chemical affintity for only solvent A and not the undesired

elements. At equilibrium solute A is distributed between the phases in the distribution

ratio given by Equation 1.2, where D is the distribution ratio, [A]Org the concentration of

A in the organic phase and [A]Aq the concentration of A in the aqueous phase16.

D = [A]Org
[A]Aq

(1.1)

The distribution ratio is used to determine the extent of extraction at equilibrium. For

a system where A is extracted into the organic phase from the aqueous; the larger the

distribution ratio the greater the extent of extraction. To control the distribution ratio

the extractant itself can be altered to an extractant with a higher affinity for the solute16.

Once the system is confirmed and the distribution ratio known, the number of stages

to achieve the required extraction is calculated. This calculation is outside of the scope of

this work, as it focuses solely on a single stage of separation. However, for a detailed de-

scription of stages undertaken to complete this process, see Chemical Engineering, Volume

2: Particle Technology and Separation Processes17.

To reach industry standard extraction extents, simple extraction, as shown in Figure

1.2, must be accompanied by other processing stages within a flowsheet. Using Figure 1.3

to aid with the explanation of terminology, it can be seen that these flowsheet processing

stages start with a feed. The feed is an aqueous solution entering the process containing

the material/s to be recovered (the desired solute) in a mixture with undesired waste prod-

ucts. The feed meets a recycled solvent phase in a joint extraction and separation unit

(shown in red)16. Within the extraction and separation unit, the phases are intimately

mixed to increase the rate of extraction of the desired solute into the solvent phase. The

waste products, remaining in the aqueous phase, are taken as raffinate. Whereas the
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loaded solvent phase is taken as extract. Commonly the raffinate will undergo the ex-

traction/separation stage several times, determined by the distribution ratio and required

extraction requirement of the system.

Extraction
Scrub

Ra�nate

Loaded
Strip

Waste

Product

Extract

Scrub Extract

Scrub
Feed

Recycle Strip

Feed
Ra�nate

Solvent Recycle

Scrub

Strip

Product
Strip

Solvent
Recovery

Solvent
Regeneration

Figure 1.3: An example of a traditional solvent extraction flow sheet showing the stages
required to extract the desired solute from a mixed feed16.

Once the raffinate has been depleted of the solute, it passes through solvent recovery

(yellow) to remove any entrained solvent phase which may have been carried over. Phase

entrainment is the capture of liquid droplets within the continuous phase which are of a

droplet size and weight that Brownian motion is dominant and therefore will not readily

phase separate under gravity16. Once any solvent is recovered the aqueous raffinate is

processed as waste.

Solvents rarely have affinity for only the desired product and usually some waste solutes

are co-extracted into the solvent phase during the first extraction (shown in red in Figure

1.3)16. These impurities have to be extracted back from the solvent into an aqueous phase

in the purple scrubbing section in Figure 1.3, where the scrub feed is usually a higher

molarity solution of the pure aqueous feed. Post scrub, the scrub raffinate is taken to join

the feed to ensure desired product has been back extracted and the scrub extract is taken

into a strip section (light blue in Figure 1.3). The strip section is designed to strip or back-

extract the desired solute from the organic scrub extract into a clean aqueous phase16.

It is preferred for product recovery and finishing that the final form of the recovered

solute is in an aqueous phase, as typical recovery processes such as precipitation and

evaporation are more readily achievable for aqueous than solvent phases10. The strip stage
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also allows for phase recovery and regeneration, this is important both environmentally

and economically18.

As discussed above the extraction/separation stage is commonly repeated in order to

achieve desired extraction efficiencies. The repetition of extraction/separation processes

to maximise extraction extent is called a stage wise process as the extraction occurs over

a series of stages. The stages can be arranged in three ways18: co-current, counter-current

and cross-current, each is outlined in Figure 1.4

Stage 1 Stage 3Stage 2

FEED

SOLVENT

R1

E1

R2

E2

R3

E3

Stage 1 Stage 3Stage 2

FEED

SOLVENT

R1

E1

R2

E2

R3

E3

Stage 1 Stage 3Stage 2
FEED R1

E1

R2

E2

R3

E3

SOLVENTSOLVENT SOLVENT

a)

b)

c)

Figure 1.4: Different stage arrangements for stage wise solvent extraction processes, where
E and R show the direction of flow of the extract and raffinate streams18; a) co-current;
b) counter-current; c) cross-current.

In co-current extraction, Figure 1.4a, there is no real benefit to stage wise processing

as equilibrium will have been reached within stage 1. The phase equilibrium will continue

in any following stages as there is no addition of fresh feed therefore equilibrium conditions

will be maintained18. Counter-current processing, Figure 1.4b, is the industry standard

as this method is most efficient for extraction as the concentration gradient is always

maximised. For example, within stage three the dilute raffinate is introduced to a fresh

solvent feed. Counter-current extraction provides efficient extraction while maintaining a

constant phase volume. Cross-current extraction methods, Figure 1.4c, also achieve high

extraction efficiencies, however, use much larger volumes of solvent. Cross-current methods

mimic the basic processing stages of using a separating funnel within a laboratory. As the

raffinate is always introduced to a fresh solvent feed the extraction extent is high, however,

this creates large volumes of extracts with varying concentrations which are combined for
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scrubbing and stripping18.

1.2.1 PUREX

The most common solvent-extraction-based reprocessing technique is PUREX (Plutonium

Uranium Redox EXtraction)5. PUREX was first operated at full scale on irradiated nu-

clear fuel in 1954, and was developed at Chalk River National Laboratory, Canada13.

Initially designed for the separation of plutonium for atomic weapons manufacture, the

process was adapted by the civil nuclear sector into a commercial reprocessing technique in

19565. As a consequence of its origins, PUREX provides separated uranium and plutonium

aqueous product streams increasing the risk of proliferation. These streams are individ-

ually processed before re-mixing to produce a mixed oxide fuel (MOX)19. The PUREX

process is well established within the industry, but is starting to be considered an outdated

technique for the modern political, economic and environmental requirements5,7,19. With

research focusing on developing the technology to support a closed fuel cycle, advanced

reprocessing techniques have been developed such as COEX, NUEX and UREX20. In

Figure 1.5, it can be seen that advanced reprocessing options avoid separating the ura-

nium and plutonium fully and directly produce a MOX fuel. This reduces the proliferation

risks associated with PUREX. These processes are more commonly associated with the

collective term "advanced PUREX techniques" as they still recover only the uranium and

plutonium and require a secondary process to separate FPs, minor actinides (MA) and

lanthanides.

1.3 Traditional Separation Equipment

The primary objective for solvent extraction equipment is to create a homogeneous mixture

of aqueous and organic solvent phases22. This intimate mixing increases the rate of mass

transfer between phases as the surface area of dispersed droplets is increased23. The

majority of research and equipment advances in this area for the past decade have been

aimed at improving the rate of mass transfer by increasing surface area through improved
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Solvent Extraction Advanced 
Reprocessing Options

NON PUREX

GANEX

Advanced PUREX

NUEX UREX COEX

Secondary ProcessingSecondary Processing

Tertiary Processing

Uranium Uranium

Neptunium

Uranium/ Plutonium/
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Uranium/
Plutonium

Plutonium/
Neptunium
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Lanthanides
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Fission
Products

Fission
Products

Minor
Actinides

Figure 1.5: Flow sheet representation of advanced reprocessing options (all abbreviations
defined in list of abbreviations)21.

mixing, however, this increased extent of mixing is worthless if the dispersion cannot be

separated within a desirable time frame24,25.

Within the nuclear reprocessing industry, pulsed columns and mixer settlers (Shown

in Figures 1.6 and 1.7) are ideal for use within radiation areas, however, these are now

becoming recognised as potenitally unsuitable in terms of their mixing and separating

functionality for future process requirements. Other industries have the advantage of

significantly less design considerations and easy access to equipment for the retrofit of

updates and completing maintenance. This combination greatly increases the speed in

which research and development outcomes can be tested and implemented, allowing non-

nuclear industries to keep process equipment up to date.

Much of the process equipment used in conventional solvent extraction must be altered

or redesigned before use within high radiation environments. A typical example of equip-

ment redesign is the relocation of motors/moving parts. These pieces, the most likely to

require maintenance over the life cycle of the plant, are relocated to accessible areas, out-

side of the radiation risk. In some occasions, this relocation is not a viable and equipment

must be designed specifically for the nuclear industry; the pulsed column is an example
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of this. Designed specifically for liquid-liquid nuclear systems the pulse column is tall,

thin and has no moving seals. This design is ideal for high radiation nuclear applications,

especially where criticality control of highly active liquids is required26.

Like all liquid-liquid extraction systems, the mixing of the two phases is key to achiev-

ing high mass transfer efficiencies between phases. In a pulsed column, the two phases

are fed into the column with the aqueous inlet at the top and organic inlet at the bot-

tom26. The column is designed as such that with gravity the two phases will separate over

time. Pulsation is used to force the organic up through the perforated plates and drag the

aqueous down, shown in Figure 1.6.

The size of the holes in the plates, as well as the amplitude, and frequency of the

pulsations control the droplet size of the dispersed phase (organic) within the continuous

phase. Each plate spacing is considered to be the equivalent of a single mixer settler

stage, however, unlike for mixer settlers, the mass transfer coefficient for pulsed columns

is difficult to calculate directly as the flow dynamics and extraction within a pulse column

are more complex and less well defined27.

The mixer settler, shown in Figure 1.7, has two discrete sections for mixing and set-

tling28. Within the mixing section, the two phases are combined using a high shear over-

head impeller. The dispersion then flows over a weir and enters the settling area28. Within

high radiation areas, this settling area is kept as simple gravity separation, whereas, in

non-radiation areas, this can be retrofitted to allow for enhanced gravity settling options,

see Section 1.3.2. A mixer settler can only be used for lower activity liquid processing (pri-

marily uranium processing) as the large volume settling area does not provide criticality

control of highly active liquids26.

The advantage of a mixer settler over a pulse column is, the mixer settler design is well

defined and frequently used in many industries. This makes the mixer settler the cheaper

option in comparison to the pulse column. In order to adapt a mixer settler for a nuclear

environment, the impeller motor is moved out of high radiation areas for safe maintenance

access.
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Pulsing Unit

Light phase outlet
Upper separation region

Heavy phase inlet

Perforated plates

Lower separation region

Heavy phase outlet

Light phase inlet

Figure 1.6: A Schematic of the internal workings of a pulse column. The light phase is
introduced at the bottom where is it forced upwards through perforated plates. Phases
are separated in upper and lower separation regions.

Figure 1.7: A Schematic of the internal workings of a mixer settler. The light and heavy
phases are introduced to the mixing region, where they are combined. The dispersion
flows over a weir into the separation region, and gravity separates. The separated phases
are collected via weir overflow.
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1.3.1 Gravity separation

Gravity separation is the simplest form of separation techniques and is governed by Stokes

law.

vs = g(ρH − ρL)d2

18µc
(1.2)

Where vs is the settling velocity, g the gravitational constant, ρH and ρL the densities

of the heavy and light phases, d the droplet diameter and µc is the continuous phase

viscosity17.

Stokes law is used to calculate the settling rate of the dispersed droplets within the con-

tinuous phase using three main parameters: difference in phase density, droplet diameter

and continuous phase viscosity17. The difference in density between phases is considered

because if the density difference is too large, the phases will readily separate, forming an

unstable dispersion. The second parameter is the droplet diameter, as smaller droplets are

dominated by Brownian forces as opposed to gravitational forces. Droplets dominated by

Brownian motion are not likely to separate in an acceptable time frame as they are more

likely to be caught in eddy or convection currents during settling time. Finally, Stokes

law considers the viscosity of the continuous phase, as a high viscosity continuous phase

will be thicker, slowing the settling velocity of droplets.

Separators for gravity settling designed solely using estimations from Stokes law are

often much greater in volume than is required, as Stokes law assumes all droplets are

spherical and are moving freely in a stagnant flow29. A more comprehensive representation

of a settling unit would consider turbulent regions at fluid entrances, which cause eddy

currents throughout the separator. This turbulance can drag droplets away from what the

undisturbed trajectory would be. Turbulence in the unit can also distort droplets away

from the spherical shape, causing a drop in velocity due to the increased drag29.
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1.3.2 Enhanced gravity separators

To address many issues identified with designing using Stokes law, baffles are introduced

to the separation area. The baffles are designed to minimise the effect of turbulence

from the fluid entry point by partitioning the large volume of the separating unit into

smaller channels. The effective settling volume is now relative to the baffle spacing and

the distance travelled by the droplet before reaching an interface is greatly reduced29.

The baffle plates also provide a larger surface area for droplet coalesce by increasing the

internal surface area of the settling region.

Enhanced gravity separators are more efficient and compact compared to standard

gravity settlers making them ideal for commercial use26. However, the introduction of

baffles also introduces crevices and potential for stagnant flow, both of which are not

acceptable within high radiation areas.

1.3.3 Coalescers

To promote coalescence, baffle plates can be accompanied by a wire mesh at the inlet.

The principle of adding a wire mesh is the same principle behind the design of a coalescer.

The aim of a coalescer is to increase the surface area on which a droplet can settle on, as

increasing the number of droplets that settle increases the likelihood of a coalescence event

occurring. Coalesced droplets attached to the coalescer internals, known as the target,

then capture other droplets within the flow. Once a critical droplet mass is achieved the

droplets fall off the mesh and collect at the bottom of the coalescer, this process is shown

in Figure 1.8.

As with the baffle plates, the flow conditions within the equipment must be controlled.

To determine the most effective target size and flow velocity, Stokes number is calculated17,

St = ρdv(dd)2

18µcdt
(1.3)

where Stokes number, St, is calculated using the dispersed phase density, ρd, and the

droplet diameter, d, the flow velocity, v, viscosity of the continuous phase, µc, and the
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Figure 1.8: A schematic of a coalescer. Droplets within the flow are captured by the
coalescer target, separating them from the bulk flow.

coalescer target diameter dt.

As droplet collection efficiency increases with Stokes number it can be assumed from

Equation 1.3 that droplet collection will increase with increasing velocity, decreasing con-

tinuous phase viscosity and decreasing target diameter. This assumption is true, however,

a compromise between the three factors must be found.

Greater flow rates increase the probability of smaller droplets impacting on the target

rather than flowing around targets in streamlines. However, greater flow rates also cause

low mass, coalesced droplets to prematurely fall off targets, reintroducing them to the

flow. High flow rates can also promote further droplet break up as droplets impact on

thin target wires with higher velocities17.

Decreasing continuous phase viscosity allows dispersed droplets to move more freely

within the continuous phases at higher settling velocities due to reduction in drag. The

most common way of decreasing the viscosity of a system is to heat the continuous phase,

however, heat within liquid-liquid extraction processes could increase solubility of the

phases, reducing separation29.

Finally, decreasing the target diameter allows for control of flow around the targets

and through the coalescer as turbulence is reduced allowing for streamlines to flow undis-

turbed29. Through careful design, these streamlines can be manipulated to force smaller

droplets towards a target to impact upon. However, reducing the target diameter too

far can mean that droplets bypass the coalescer completely unless the target density is
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increased.

Coalescers cannot solely be designed on first principle and require more complex, com-

putational fluid dynamic modelling to optimize droplet collection efficiency.

1.3.4 Centrifuge

A final, commonly used liquid-liquid (L-L) separator is the centrifuge30. The disk or bowl

centrifuge is recommended for the separation of L-L dispersions, as they are designed to

separate mixtures with specific gravity differences of 0.01g−1 and dispersed droplets down

to 1µm30.

For large centrifugal extractors, sieved trays surround the inner shaft. The heavy

phase is fed into the centre of the unit and the light phase at the outer edge18. As the

unit rotates, the heavy phase is forced against the inner side of the sieved tray. Once the

rotation speed is fast enough the heavy phase jets through the sieve holes towards the

outer shell of the extractor18. The same occurs with the light phase, travelling inwards

towards the outer side of the sieved tray and jetting through the sieved holes towards the

central shaft . The movement of each phase through the sieved holes and the jetting into

droplets ensures large transfer areas and efficient counter-current extraction17. The heavy

phase continues through the extractor to the outer edge where is collects; whilst the light

phase collects at the inner shaft17.

The most common industrial centrifugal contactor is the Podbielniak extractor18. The

Podbielniak extractor works based on the same principles as above however is usually

positioned horizontally, unlike other common centrifuges17. Centrifuges are preferred for

systems with very low density differences, such as in uranium enrichment. They have a

low hold up, meaning the time taken between entering and exiting the unit is reduced,

ideal for systems where contact between organic and acidic aqueous phases must be kept

to a minimum17. Due to the high efficiency of the extraction and separation, the size of

the unit is usually smaller that other extraction units, therefore, a lower volume of solvent

is required17.

Implementing centrifugal extractors in high radiation areas is difficult due to the high
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maintenance requirements of the large numbers of moving parts. Other disadvantages

of centrifugal extractors are, high initial cost and high operational energy requirements,

leading to high operational costs5.

1.4 Plate-Type Separator

The P-TS has been identified as an alternative separation device for the separation of

immiscible L-L dispersions. The microfluidic device, currently only used for research

purposes, has been reported to reduce turbulence and separate fine dispersions rapidly by

combining characteristics of both coalescers and enhanced gravity separators31,32. Based

on the review of current technologies above, the P-TS could easily be introduced to a low

viscosity L-L industrial environment given the easy to bulk manufacture design, minimal

operational maintenance and low operational costs. In addition to this, the lack of moving

parts and stagnation areas make the design ideal for use within high radiation areas as

opposed to centrifugation.

The first device of this kind was developed by Okubo et al. in 200432. The overall aim

of this initial research was to explore liquid-liquid dispersion separation using a simple

micro-flow device. Their research methodology focused on understanding the interaction

between plate material and fluid. The device was the smallest of those that have been

reported on and used the Polytetrafluoroethylene-glass (PTFE-glass) plate combination.

The channel was a 10mm square and the channel depth was created by placing foil gaskets

of different thickness (5 or 12µm) between the plates, shown in Figure 1.9.

Two experimental methodologies were used to feed the device, direct introduction of a

dispersion into the microchannel device and the introduction of prepared and stabilised dis-

persion. The direct feed methodology used a micromixer, manufactured by IMM (Mainz,

Germany) (25µm outlet slit) to create dispersions of water and dodecane. This was fed

into the device via 75 mm of silicone tube. The second method used the micromixer to

create a dispersion of water and octanol, the dispersion was stabilised using a 0.5wt%

sodium dodecyl sulphate (SDS) aqueous surfactant solution. This dispersion was later
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Figure 1.9: Structure and fabrication of a simple microchannel device32.

fed into the micro-channel device using micro-syringe pump. Dispersion characteristics of

both water-dodecane and water-octanol were observed using a laser scattering, particle size

distribution analysis and visual analysis with a microscope. Investigations varied feed flow

rates, materials of construction combinations and channel depths. For each investigation

the effect on separation efficiency was recorded.

In terms of coalescence achieved within this study, it was found that with 2.7ml/min

water and 0.3ml/min dodecane fed into the MC device using the direct feed method,

separation was almost 100% efficient. Upon observing the aqueous exit liquid with a

microscope it was found that the entrained organic droplets were less than 10µm diameter.

This separation occurred with an upper plate of glass and lower PTFE, with a channel

depth of 12µm and residence time of 0.01 s. Overall it was found that the dispersed

droplets diameter decreased when flow rate was increased or when the dispersed phase

ratio was decreased.

A polypropylene sheet (100µm) was then used to replace the foil and provide an in-

creased channel depth. No difference of the inlet and outlet dispersions was observed. A

possible explanation for this is that using a third material altered the spreading charac-

teristics of the fluids. Okubo et al. also completed tests within a glass-glass configuration,
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finding it did not provide any overall coalescence.

Octanol was used to replace the solvent feed for the second methodology due to its

ability to form H-bonds with water and create stable emulsions. Using the glass-PTFE

plate combination and a dispersion of octanol in water (1:4 octanol:water ratio) with

a droplet distribution of 2-18µm, it was found that an overall flow rate of 0.3ml/min

provided 100% separation of all droplets greater than 10µm. However, when the overall

flow rate was increased to 2.0ml/min no separation was observed. This flow rate limit

was then investigated for water-dodecane mixtures using method one and it was found

that separation was possible up to 6.0ml/min. A suggestion for this behaviour is that

water-octanol have a natural affinity for each other unlike water-dodecane making them

more challenging to separate.

It was concluded that the successful coalescence of droplets with a smaller diameter

than the channel height must occur within the device, and must be governed by the

difference in velocity created by the interaction with plate materials. Figure 1.10 shows

droplet development over time, where the velocity of larger droplets will decrease relative

to the smaller droplets. It is predicted that this change in velocity is the cause of the

increase in coalescence. From Figure 1.10 it can be theorised that, with a higher residence

time smaller droplets will also coalesce, suggesting that scale up will require lengthening

the plates. This theory is supported by the data carried out by Kolehmainen and Turunen

(2007) who achieved 80% and higher separation of dispersions with an average droplet

diameter of less than the channel height and in the region of 100% when the droplet

diameter equalled that of the channel height. Their plate area was 3000mm2 in comparison

to 100mm2.

Kolehmainen and Turunen, 200731 discuss that it is now easier to create a dispersion

of micro droplets than it is to separate one, due to modern equipment advances in mixing.

The aim of their research was to continue that of Okubo et al., and assess the efficiency of

a larger P-TS, using droplet size information and phase separation efficiency data. Their

P-TS consisted of two plates, a PTFE upper and stainless steel (SS) lower plate. The

plates were sandwiched together with a milled channel between, the channel was 15mm
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t = 0 t = x/2 t = x

Flow Direction

Figure 1.10: Schematic of droplet coalescence for a droplet diameter is less than the plate
spacing.

wide, 200mm long. The channel depth was varied from 100 and 200µm. Experimental

work was undertaken at room temperature (295 K) using water as the aqueous phase and

Shellsol D60 with 10, 30 and 50% Tris(2-ethylhexyl)phosphate (TEHP) as the organic

phase. Shellsol D60 is a mixture of C10-C12 paraffins and naphthenes and TEHP is a

common liquid-liquid extractant used predominately to extract metallic elements. The

two phases were fed through an IMM slit micromixer to create a fine dispersion and then

passed directly though the P-TS, shown in Figure 1.11.

Plate 1

Plate 2

Coalescer

Micromixer

Aqueous
phase

Organic
phase

Aqueous
phase

Organic
phase

Figure 1.11: Experimental set up used by Kolehmainen and Turunen (2007)31.

Kolehmainen and Turunen (2007)31 found that: surface material, channel height, fluid

composition, average fluid velocity and residence time all effected the separation efficiency.

They managed to achieve complete separation when total flow rate was less than or equal to

3ml/min (corresponding to superficial velocities of 3.3 cm/s for 100µm depth and 1.7 cm/s
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200µm depth). Above 3ml/min a separation efficiency of greater than 80% was still

achievable depending on the plate spacing. For plate spacings of 100µm and 200µm at a

flow rate of 8ml/min, separation efficiencies of 90% and 80% were achieved.

It was reported that when the average droplet diameter is equal to the channel height

separation will be 100%, as the droplets are forced to contact and spread on the plate

surface causing them to slow down. This slowing increases the chance of the smaller

droplets contacting and coalescing with the larger. It is important to note that within this

study entrainment of the organic was not accounted for and therefore separation efficiency

reported could be significantly lower.

As stated previously the plate materials were SS and PTFE, however, PTFE-PTFE

and PTFE-glass plate combinations were also tested. PTFE-PTFE provided no separa-

tion, suggesting that the liquid interaction with the materials of construction of the P-TS

is crucial in maintaining sufficient extraction extent. This result supports those of the

glass-glass configuration from Okubo et al. suggesting that two different materials are

required for separation to occur within the P-TS. The PTFE-glass plate combination pro-

vided separation up to 200µm, however, at significantly reduced separation efficiencies.

Both Kolehmainen et al. and Okubo et al. record the contact angle of each phase on

the plate material, finding that the aqueous phase is more likely to spread on the glass

or stainless steel as they are hydrophilic. The aqueous is likely to be repelled from the

PTFE, hydrophobic plate which is wetted by the organic. This remains the current under-

standing of how the P-TS works and why separation efficiency increases when the average

droplet diameter is equal to that of the plate spacing. Both studies also state that the

P-TS separation efficiency is not effected when used vertically.

The most significant result provided from Kolehmainen et al. was found when compar-

ing P-TS rates to gravity settling. They report 100% separation of a dispersion of average

droplet sizes 60 to 120µm of water/Shellsol + 10 %TEHP in a residence time of 20 s.

Whereas, the gravity separation time within a separation funnel of the same dispersion

was upwards of 30minutes. This data shows that the P-TS can provide the efficiency

improvements that are required to fulfil the outcome of this research, providing efficiency
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is maintained upon scale up.

Following on from the above research, a group at Sichuan university, China, published

results documenting the de-emulsification of water/kerosene emulsions33. The author

criticises the research of Kolehmainen et al. and Okubo et al. for their use of the IMM

micromixer in both instances as the systems used large droplets (200µm dimeter) which

are unstable when this equipment is not used. Dispersions with larger droplets, like those

produced with the IMM micromixer, would separate rapidly without the aid of stabilis-

ers and therefore the separation efficiencies presented above are potentially a mixture of

natural gravity separation and the effect of the P-TS. To address this, Chen et al. used a

high shear mixing apparatus rotating at 12 ,000 revolutions per minute (RPM) for 100 s.

The emulsions were analysed to find the droplet size distribution using a laser particle

analyser and visual testing with a light microscope. Once the emulsions where formed

they were forced through the P-TS by pressurising the inlet vessel and relying on pressure

differentials to feed the separator. Two P-TSs were used, both were of the SS-PTFE con-

figuration, with an aluminium shim to provide the plate spacing. The dimensions of the

separators were 10mm wide by 43 and 87mm long, and the plate spacings used were 100,

140 and 200µm. The actual plate spacing used were approximately 20 - 30µm smaller

than this however as the PTFE plate distorted, allowing the shim to embed itself into the

plastic and reduce the volume of the channel.

Results from Chen et al. show an increase in de-emulsification with increasing flow

rate until a plateau at approximately 10mL/min33. This plateau is most likely due to

increased shear forces, this ability of micro-channels is well known and there are numerous

publications on dispersion creation using a micro-channel, for this reason it is assumed

that above 10mL/min there is a balance between coalescence and dispersion creation. It

would be expected that if the flow rate was increased further the separation efficiency

would start to decrease.

Chen et al. confirm that gravity effects can be neglected as no change in de-emulsification

efficiency was observed when the PTFE plate was above or below the shim; supporting

the finding of Kolehmainen and Turunen31,32.
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Single stage efficiencies of 10% were reported which are far below industry requirements

so the lower aqueous phase was recirculated. It was shown that for a 30% water-kerosene

emulsion, 90% separation could be achieved in 5 iterations33. Droplet size distributions

of initial and post separation emulsions after multiple iterations show that large droplets

(≥ 17.6µm) are easily removed and smaller droplets coalesce into larger droplets during

the recirculation iterations.

Chen et al. found equal de-emulsification efficiency when using a PTFE-PTFE con-

figuration as when using the PTFE-SS configuration which is unlike what was published

previously. They had expected the PTFE-PTFE configuration to provide much greater

separation efficiency as the droplet interactions with the hydrophobic (PTFE) plate causes

large oil droplets to adsorb onto the surface allowing for increased probability of collisions

leading to coalescence events33,34. The asymmetric velocity profile experienced in the

PTFE-SS configuration is given as the cause of the discrepancy from what was expected.

This is discussed in more detail in Section 4.2.

Applying aspects of the above studies completed by Kolehmainen et al. and Okubo

et al., a study was conducted at the University of Lorraine into how the dimensions of

a plate-type micro separator affect the demulsification of oil-in-water35. This study did

not reference the work conducted by Chen et al.. This study used a PTFE-SS plate com-

bination with a shellsol/water emulsion, the emulsion was stabilised using the surfactant

Tween-80. They varied the size of the separator, channel depth, flow rates and plate

configuration to determine the optimum size for a P-TS.

Three reactor types were used, shown in Figure 1.12, R1 being the largest (21x530mm

WxL) and R2/R3 which are smaller (16x60mm WxL). The channel depth of R1 was

variable (25-100 µm) depending on the tightness of the clamping plate. The study states

that there was a problem with this method as the seal placed within a groove in the

PTFE plate (shown in Figure 1.12a) was thicker than anticipated, also using the tightening

method allowed for slight variation in channel depth along the length of the separator. R2

was manufactured so the separator channel and seal were machined out of the stainless

steel plate, as opposed to the PTFE plate in R1 and, used a fluoroelastomer seal like R1.
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Figure 1.12: P-TS used in investigation conducted by Roques-Carmes (2014), a) R1 and
b) R2 which is the same dimensions as R3 (not shown)35.

R3 used thin aluminium foils to create the channel depth. The reactor depth of R2 and R3

was determined by laser-scanning surface profilometry at 9 locations along the channel,

the channel height of R2 is 87± 2µm, and R3 is 9± 1µm.

The droplet size distribution of the incoming and outlet stream was determined using

laser diffraction granulometry with a mastersizer 2000. The difference between this study

and the previous is the focus on emulsions, where the average droplet size within the

mixture was 8.7µm. This average droplet size is significantly smaller than the majority

of channel depths within this study, based on knowledge from previous work this suggests

that the efficiency of separation will be less than what was achieved by Kolehmainen
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and Turunen (2007) and Okubo, Toma et al. (2004)31,32. Results from Roque-Carmes,

Monnier et al.. (2014)35 shown in Figure 1.13 conclude that when droplet size is much

less that the separator channel height (R1 and R2) then the separation efficiency is less,

supporting this strong dependency on the ratio between droplet distribution size and

channel height.

Figure 1.13: Separation efficiency as a function of residence time for different separators,
flow rates (Q) and channel depths (H)35.

It can be seen that, for channel heights much greater than the droplet size there tends

to be a maximum separation efficiency at approximately 40 s residence time, however,

completely separation was not achieved. Roque-Carmes, Monnier at al. (2014) suggest

that this could be due to the larger drop sizes being separated and smaller diameter

droplets within the droplet size distribution remaining within the flow without contacting

either plate or other droplets. This however does not explain why the residence time

increasing causes the separation efficiency to drop35.

These results suggest that with the correct channel height for a droplet dispersion and

a long residence time that close to 100% separation is achievable, which is supported by

the results from Kolehmainen and Turunen (2007). This is also supported by the steep

gradient in the R3 data within Figure 1.13. From the result in all three studies, it is

clear that when the channel depth is similar to the average droplet size, the dominate

separation mechanism is coalescence. Roque-Carmes, Monnier et al. (2014) conclude
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that both channel depth and surface area to volume ratio are combined to intensify the

separation, and state that in this situation (R3) capillary forces dominate35.

A summary of parameters investigated by previous studies is provided in Table 1.1.
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1.5 Structure of Thesis

This thesis comprises of two main parts. Part one focuses on static droplet coalescence

and part two, flow-driven coalescence.

Part one, comprising of Chapters 2 and 3, and contains investigations into different

factors that could effect the separation efficiency of traditional nuclear reprocessing facili-

ties if a microfluidic separation device was to be implemented. Within this part, Chapter

2 covers the supporting theory to the experimental chapter, Chapter 3. The aim of part

one is to find the effect of pH, solvent dilution and heavy metal ion concentration, [HMI],

on contact angle, interfacial tension and coalescence rate.

Following on from this, part two focuses on how the design of the P-TS effects the effi-

ciency of separation. Chapter 4 expands on the static theory and how this can be applied

to the coalescence of flowing droplets within the P-TS. This theory is applied in a series

of experimental investigations developing the methodology to be used within the design

optimisation investigation, Chapter 5. Chapter 6 outlines the results of an experimental

investigation into separation efficiency when varying the plate spacing. Chapter 7 con-

tinuous with design optimisation of the P-TS by applying different surface textures and

treatments onto different plate materials. The aim of Part two is to provide an optimum

design for the P-TS using industry appropriate materials.

Figure 1.14 shows how the different experimental chapters link together to provide an

optimised design for the separation of different dispersions. The overall conclusions are

suggested future work resulting from this thesis are provided in Chapter 8.

27



� � � � � �

� � � � � � �� � � � � � � � � �

� � � 
 � � � �� � � � � � � � � �

� 
 � �	 � � � � � � �

� 
 � �	 � � � � �� � � � � 	 �

Figure 1.14: Representation of steps undertaken in order to achieve the final research
target.
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Part I

Coalescence of Static Droplets
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CHAPTER 2
Static Flow Coalescence Theory

The development of microfluidic systems requires in-depth analysis of forces that are com-

monly considered negligible at macroscopic scale. Within this chapter the fundamentals

of surface tension and capillarity are discussed with regards to L-L systems and droplet

wetting ability on solid plates. The L-L system mimics the behaviour occurring in the

centre of the P-TS, where smaller droplets are dispersed within the flow. Whereas, liquid-

liquid-solid (L-L-S) environments mimic a droplet settled on the solid walls.

2.1 Mixing Immiscible Liquids

To understand the design requirements of a settling system the dispersion must first be

understood. A dispersion in L-L systems consists of two immiscible phases: the continuous

and the dispersed36. To confirm which liquid will be dispersed the following equation can

be used22. In Equation 2.1, φ is the volume fraction, ρ the density and µ the viscosity.

Aqueous and organic phases are represented by Aq and Org.

χ = φOrg
1− φAq

(
ρOrgµAq
ρAqµOrg

)0.3
(2.1)

The magnitude of χ relates directly to the behaviour of the aqueous and organic phases

in the following relationship; assuming ρOrg < ρAq.

χ < 0.3 Organic phase always dispersed.

χ = 0.3− 0.5 Organic phase probably dispersed.

χ = 0.5− 2.0 either phase can be dispersed, and phase inversion may occur.

χ = 2.0− 3.3 Aqueous phase probably dispersed.

χ > 3.3 Aqueous phase always dispersed.
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Droplet dispersions can be obtained by three different methods: phase condensation,

chemical reaction or mechanical agitation29. As mechanical agitation is the most common

method for creating dispersions in industry, this will be the method discussed36.

For the purposes of extraction, the ideal dispersion is an unstable dispersion, that also

provides a reasonable amount of time and interfacial area for mass transfer occur between

the phases22. To create the perfect, unstable dispersion, the droplet size distribution must

be correct for the desired system. Mechanical agitators, centrifugal pumps, or rotating

impellers create wide droplet distributions, due to the difference in shear velocity between

the agitator shaft and the tip of the agitator blade. This type of agitation creates a high

percentage of smaller droplets29. In contrast, in-line mixers and column agitators, like the

pulsed column, provide a uniform shear, creating a narrow droplet distribution ratio. In-

line mixers or column agitators provide greater droplet size control, however, are usually

more expensive than high shear mixers.

The agitation techniques above are considered industrial processes and are not the

most efficient techniques to create a dispersion with a controlled droplet size. For labora-

tory dispersions many microfluidic devices have been developed, two of the most promising

techniques are membrane dispersions and impinging-jets cells. Membrane dispersion cre-

ation builds upon the simple injection microfluidic mixing techniques. These techniques

involve individual droplets of a controlled size being injected into a flowing continuous

phase37,38. A membrane dispersion is created by forcing the dispersed phase through a

membrane with controlled pore size into the flowing continuous phase, creating multiple,

uniform sized droplets38. Although membrane dispersions are a promising technique, there

are potentially some material compatibility complications with using strong solvents or

acidic phases with the membrane material. For this reason membrane dispersions would

not be applicable for nuclear solvent extraction; a more likely advanced mixing technique

would be impinging-jets cells. The impinging-jets cell has no moving parts and can be

manufactured from stainless steel therefore mitigating any maintenance or materials com-

patibility issues. Dispersions are created by firing two jets together with the immiscible

phases meeting within the impingement zone. Droplet size is controlled by varying the
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liquid velocity through the jets39.

It was discussed above that the ideal dispersion for solvent extraction purposes is

unstable but provides a reasonable amount of time for mass transfer to occur, one way

of influencing the stability time is to consider the density difference of the two liquids.

A large density difference, (∆ρ), between the aqueous and organic phase results in faster

separation of the dispersion than a reduced density difference17,40; this effect is also taken

into consideration in Stoke’s law (Equation 1.2). Addition of a dilution agent to provide

the desired density and viscosity is a common practice, such as the use of dodecane in

the PUREX process. In this case, dodecane is added to Tri-n-butyl Phosphate (TBP) to

reduce the density of the organic solution.

If the increased stability provided by altering the density difference between the phases

is not sufficient, surfactants can be added to the solution. Surfactants are long-tailed,

molecules that dissolve into either the aqueous or the organic phase. Once dissolved the

surfactant will naturally diffuse through the liquid until it reaches an interface. In its

simplest form an interface is the geometrical surface defining the boundary between two

liquids. At the interface the surfactant molecule is captured; this capturing causes a build

up of molecules at the interface, that in turn reduces the surface tension of the liquid. The

aim of coalescence, from the droplets perspective, is to reduce its overall surface tension;

the lowering of the surface tension by the addition of surfactant reduces the need for the

droplet to coalesce and therefore stabilising the dispersion. An adverse effect of surfactant

addition is the average size of the droplets within the dispersion is likely to reduce, causing

an emulsion or creamed dispersion.

2.2 Defining an Interface

The definition of an interface, the geometrical surface defining the boundary between two

liquids, implies a perfectly smooth, infinitely thin interface. For the majority of engineering

applications this assumption is acceptable as it holds true at macroscopic levels. In reality,

at a microscopic scale, separation of immiscible liquids depends on molecular interactions
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at the boundary and thermal (Brownian) diffusion of the bulk. This comparison is made

in Figure 2.1. The macroscopic scale, Figure 2.1a, takes the contact angle as a given value,

and does not explain why contact angles change with different liquid systems. This can

only be understood by considering the microscopic scale.

Liquid 1

Triple contact
point

θ
Solid Wall

Liquid 2
a) b) c)

Figure 2.1: Representation of a droplet interface at the macro and microscopic scale, a)
Microscopic view of molecule interactions at the interface; b) Microscopic view of the
unbalanced forces surrounding molecules at the interface; c) Macroscopic view of a L-L
droplet interface.

When considering a droplet on a solid plate, there are three possible environments

a molecule can experience. Molecules within the bulk (black circles in Figure 2.1) have

equal interactions with all neighbouring molecules, these interactions will primarily be

Van der Waals for organics and hydrogen bonds for aqueous liquids. Molecules at the L-L

or Liquid-Solid (L-S) interface have half the interactions of those in the bulk. At the L-L

interface, molecules will still interact with molecules of the second phase (see Figure 2.1c),

however, due to the difference in density of the liquids, the number of interactions across

the boundary will not be symmetrical. This dissymmetry causes variations of the energy

at the interface, also known as interfacial tension41.

Figure 2.1a shows how molecules at the surface of a droplet have an imbalance of

the forces surrounding them, represented by the variation in arrow size. The attractive

forces felt between like molecules are called cohesive forces, the imbalance of cohesive

energy surrounding droplets at the interface is typically assumed to be U/2 where U is

the total cohesive energy. An approximation for surface tension using cohesive energy

can be calculated as γ ≈ U
2δ2 , where γ is the interfacial tension of the liquid and δ is a

characteristic value of the molecules size. Therefore, molecules with a small molecular
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dimension but high cohesion energy, like mercury, have a very large interfacial tension.

For a droplet to be stable it must seek to reduce this imbalance of energy. As a

larger number of molecules at the surface leads to higher cohesion imbalances, one way a

droplet can reduce the imbalance is to join with a second droplet in a coalesce event. The

coalescence of two droplets increases the volume of the final droplet, and therefore the

ratio of molecules in the bulk to those on the surface increases. A second way to reduce

cohesion imbalance is for the droplet to spread out on the solid material. When spreading,

the molecules are essentially looking for other molecules to correct the force imbalance.

Depending on the solid surface on which the droplet is located, this spreading will either

result in a flat, pancake shaped droplet or convex, rounded droplet as close to a sphere as

possible. By altering the number of molecules at the droplet surface or the droplet surface

area, the total surface energy, E, can be predicted using the relationship

E = γSA (2.2)

where SA is the interfacial surface area.

2.3 Surface and Interfacial Tension Measurement Methods

To help to distinguish between a L-L systems and a liquid-gas (L-G) system, the terminol-

ogy of interfacial tension is used for L-L and surface tension for L-G. Within this project

only the interfacial tension will be considered.

As previously discussed interfacial tension results from an imbalance in energy between

molecules at the interface and molecules within the bulk42. The quantitative term for

measuring the amount of energy per unit surface is commonly expressed in the units

mN/m41. Another definition of interfacial tension is the amount of energy required to

produce a unit area of interface between two immiscible liquids; if the interfacial tension

between two liquids is 0 mN/m the liquids are said to be miscible41,42.

Many techniques have been developed for the measurement of interfacial tension,

Drelich et al.43 splits the different techniques into five groups, three of the more com-
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mon options are covered below.

2.3.1 Measurements using a microbalance

Interfacial tension measurement techniques using a microbalance use probes such as a plate

or ring on the interface to cause a response from the interface, resulting in a measurable

force applied onto the probe. There are two main techniques that measure interfacial

tension by measuring this response, the Wilhelmy plate and Du Noüy ring method.

The Wilhelmy plate method (Figure 2.2) equates excess energy per area to force per

length which is numerically equal to interfacial tension in Equation 2.343.

γ = F

perimeter ∗ cosθ
(2.3)

where the force, F , is the force applied onto the plate by the interface. This force is

measured by bringing the plate into contact with the interface, ensuring the plate is

completely wetted by the liquid, as shown in Figure 2.2. When the plate contacts the

surface, the liquid at the interface rises, forming a meniscus due to capillary forces. The

interaction between the liquid and the plate increases the interfacial tension, pulling the

plate downwards towards the liquid. This force will be measureable on the microbalance,

as the force is equal to the weight of the liquid in the meniscus above the plane of the

original interface43. P in Equation 2.3, is the perimeter of the 3 phase contact line, in this

case the perimeter is equal to 2(L+ w).

Fcapillary

θc

L
w

Figure 2.2: Wilhelmy plate method for the measurement of interfacial tension.

The Du Noüy ring method measures the force required to pull a wire ring off the
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interface44,45, shown in Figure 2.3. A wire of radius, R, and thickness, r, where R
30 > r >

R
60

46, is introduced to the the liquid surface. As with the Wilhelmy plate method, the

interface responds by forming a meniscus. As the Du Noüy method is solely a detachment

technique, where force measured is the force required to separate the probe from the

interface, a correction factor f must be applied to Equation 2.345. f varies from 0.75 -

1.05 depending R and r, the angle between the meniscus and the ring (the wettability of

the ring), θ, and the difference in density between the liquids, ∆ρ, and can be calculated

using Equation 2.445. The perimeter in Equation 2.3 is twice the circumference of the

ring, 4πR.

f = 0.725 +
(9.074× 10−4F

π3∆ρgR3 − 1.079r
R

+ 0.04534
)1/2

(2.4)

Equation 2.4, applies for the range 0.045 ≤ ∆ρgR3

F ≤ 7.545, where g is the force due to

gravity.

2R

Fmax

θ

2r

Figure 2.3: Du Noüy ring method for the measurement of interfacial tension.

The Wilhelmy plate method has the advantage that it can be used both static, the

plate remains in contact with the liquid for the entire measurement, and detached unlike

the Du Noüy method which is solely a detachment technique. The Wilhelmy plate method

is also the favoured method between the two for interfacial tension measurements, as the

Du Noüy method is not as reliable in L-L systems due to diffculities in achieveing the

correct methodology42.

For both methods the probe is usually manufactured out of a platinum-iridium alloy

or platinum. The Wilhelmy plate method provides more options for probe materials as
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glass and steel plates have also been used depending on the hydrophobic relationship of

the liquid with the plate material47.

A major source of error in both systems is contamination of the probe. For both

methods, this can be combated by thorough cleaning of the probe followed by flame

treating; however, thorough cleaning of the Du Noüy ring can cause deformation of the

ring. This is the most common source of error for the Du Noüy method.

2.3.2 Capillary rise

The oldest technique for measuring interfacial tension is the capillary rise technique. For

the most part this technique has been replaced by more advanced computational methods,

however, it still provides very accurate results.

h

d

R

θ

Figure 2.4: Capillary rise method for the measurement of interfacial tension.

A round glass tube of known diameter d is placed just below the liquid surface, as

shown in Figure 2.448. Due to capillary forces, the liquid climbs the inside of the tube

forming a meniscus of radius,R. When d is smaller than the height of the meniscus, h, the

meniscus will be spherical in shape. From this, Equation 2.5 can be used to calculate the

surface tension43,48.

γ = ∆ρghR
2cosθ (2.5)

An advantage of this method over the microbalance methods is that glass is easier to

decontaminate than metal probes. However, being limited to only the use of glass can

be detrimental as many liquids will perfectly wet the tube, causing θ = 0. If θ = 0 the
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meniscus will no longer be spherical. In this case, Equation 2.6 can be applied48

1
2∆ρgRh

(
1 + R

3h − 0.1288R
2

h2 + 0.1312R
3

h3

)
(2.6)

The largest source of error for this method is not having an accurate measurement

of diameter, d, as errors can occur in the fabrication of uniform bore tubes43. The cap-

illary rise method can provide the most precise measurements of any method discussed

within this section for surface tension, however, is not recommended for interfacial tension

measurements43.

2.3.3 Measurement for gravity distorted droplets

A droplet in zero gravity will form a spherical shape to reduce excess energy at the in-

terface. When attached to an object under gravity, the shape will distort into a pendant

drop or sessile droplet. A sessile droplet is a static droplet pressing against a large solid

surface, whereas a pendant drop is a static droplet pulling away from a small solid surface,

like a needle tip. The sessile droplet can be used to calculate interfacial tension, however,

it is more common to use a pendant drop as more computational techniques have been

developed to improve the pendant drop method42,49.

Table 2.1: Summary of interfacial tension measurements42

Method Accuracy
mN/m

Suitability
for L-L systems

Wilhelmy Plate ∼ 0.1 Good
Du Noüy Ring ∼ 0.1 Reduced accuracy

Capillary Rise <<0.1 Very good,
experimentally difficult

Pendant Drop ∼ 0.1∗ Very good

Berry et al.42 suggest that although the accuracy of Wilhelmy Plate, Du Noüy and

pendant drop are around 0.1mN/m, the pendant drop method has the best suitability for

two phase, L-L systems as shown in Table 2.1. Therefore the pendant drop method will

be used in this study and will be discussed in more detail than other methods.
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2.3.3.1 Pendant drop

Pendant drop interfacial tension measurements are found through an iterative fitting of

the Young-Laplace equation to an axisymmetric droplet. The first interfacial tension

measurements performed on a pendant drop was conducted in 1881 by Worthington50.

Worthinton calculated the pressure drop across the interface of a pendant drop suspended

from a glass tube50,51. To aid in this solution, the Young-Laplace equation, shown in

Equation 2.7, was used where, R1 and R2 are the radii of curvature and ∆P ≡ Pin −Pout

the Laplace pressure across the interface42,50.

γ

( 1
R1

+ 1
R2

)
= ∆P (2.7)

Later, Bashford and Adams52 produced comprehensive tables of solutions to the Young-

Laplace equation by expressing Equation 2.7 in terms of cylindrical coordintates r and z,

as well as ϕ, the tangent angle, shown in Figure 2.5a. They showed that the shape of the

pendant drop can be related to a dimensionless quantity β, defined as β ≡ ∆ρ d2
2

γ , where d

is the droplet diameter, as shown in Figure 2.5b. Originally, β was presented as an "ab-

stract number"52, however, it was later proved as a measure of the relationship between

gravitational force and interfacial forces42,53. After this discovery it was named the Bond

number by Merrington and Richardson53 in 1947, it can also be referenced as the Eötvös

number in literature54.

Use of the Bond number was intended to increase the reproducibility of interfacial

tension values, however the process to determine the Bond number accurately proved dif-

ficult43. Andreas et al.55 developed an approach to improve this process in 1940. They

proposed a method that required two experimentally measured parameters from the pen-

dant drop, d the diameter at the widest point, and dapex the diameter l distance from the

apex, as shown in Figure 2.5a55. These values can be equated to interfacial tension using

Equation 2.8.

γ = ∆ρgd2

H
(2.8)
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where H is depends on the shape factor, S = dapex
d . Tables relating 1/H to S can be found

in several references47,56 or H can be calculated using:57.

1
H

= B4
SA

+B3S
3 −B2S

2 +B1S −B0 (2.9)

where Bi(i = 0, 1, 2, 3, 4) and A are empirical constants for a defined range of S. Values of

Bi and A are published in varies data collections, with the most extensive being provided

by Misak, 196857.

ρdisp

ρc

Z

r
s

dn

R0

ω

ρdisp

ρc

dapex

d D

b)a)

φ

Figure 2.5: Original measurements required for the Pendant drop method. a) Measure-
ments required for interfacial tension using the Andreas simplification. b) Measurements
required to solve Young-Laplace equation using cylindrical coordinates.

With this simple method of measuring interfacial tension, the needle diameter must

be <0.5d but not too small otherwise there is a loss in precision in the measurement of

diameter, dapex.

In 1983 two articles were published that developed a method to computationally com-

bine existing data, greatly improving the precision of measurements using the pendant

drop technique58,59. After this breakthrough, and with the increased accessibility to en-

hanced computational power, computational methods have been continually refined and

verified for different environments into the technique used today60–62. Improvements over

this time showed improved accuracy for measurements with a low Bond number, however,

this is still considered a major source of error with this method. Experimentally this can
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be minimised by choosing a system with a large ∆ρ and by ensuring the diameter, d, of

the pendant drop is as large as possible, without necking (discussed in Section 3.2.142).

Berry et al.42 conducted a sensitivity test on a series of water droplets in air formed

by increasing diameter needle tips, and therefore, with increasing Bond numbers. It was

found that for low known bond numbers (d = 1.65mm and β = 0.09), the calculated

Bond number using current methods varied between 0.06 - 0.11. This highlighted the

requirement for a secondary non-dimensional number to provide a variation of the Bond

number, independent to the needle diameter. This value was given the name, the Wor-

thington number. The Worthington number, Wo, is related to the droplet volume, Vd and

theoretical maximum drop volume Vmax, as shown in Equation 2.10.

Wo = Vd
Vmax

= ∆ρgVd
πγdn

(2.10)

where dn is the diameter of the needle tip, shown in Figure 2.5a and Vd = π
∫
r̄2sinϕ ds̄,

r, s and ϕ are shown in Figure 2.5b.

2.4 Interfacial Tension Dependence on Temperature

The value of interfacial tension of a liquid can vary depending on temperature41. An

equation to describe this property was first published in 1886 by Eötvö. Equation 2.11

was formulated on the assumption that interfacial tension, γ, tends to zero when the

temperature, T , reaches a critical value, Tcrit 41.

γ =
( 1
υD

) 2
3
(T − Tcrit) (2.11)

where υD is the molar volume of the dispersed liquid.

In 1915 and 1945, Equation 2.11 was improved to become the Katayama-Guggenheim

equation63.

γ = γ∗
(

1− T

Tcrit

)n
(2.12)
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where γ∗ is a constant for each liquid and n is an empirical factor (11
9 for organics).

Equation 2.12 provides high accuracy for organic liquids but not aqueous. If temperature

dependence is not of high importance, n can be taken as one and Equation 2.12 becomes;

γ = γ∗(1 + αT ) (2.13)

where α is a constant that can be found in literature41. The value of α is always negative,

giving rise to the relationship: interfacial tension decreases when temperature increases.

With new measurement techniques for interfacial tension, it can often be easier to

measure γ0 and T0, shown in Figure 2.6. This eliminates the need for the value α which

may not be reported for all liquids. If using this method Equation 2.13 becomes;

γ = γ0(1 + ζ(T − T0)) (2.14)

where ζ = 1
Tc−T0

and γ0 = γ∗ T−c−T0
Tc

Surface tension 

γ*

0

γ0

T0 Tc

γ = γ* (1 + αT)

γ = γ0 (1 + β(T-T0))

T

Figure 2.6: Effect of temperature on interfacial tension41.

The relationship between temperature and interfacial tension can be seen in Figure

2.6, which also shows how Equations 2.14 and 2.13 can be used together.

A phenomenon that arises from the negative dependence on temperature is called

Marangoni convection or thermocapillar instabilities64. Marangoni convection arises when

part of the interface is heated via convection, radiation or conduction, causing a temper-
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ature gradient across the interface. This imbalance of temperature in turn causes an

imbalance in interfacial tension. The result of this imbalance is movement of liquid along

the interface from warmer, low interfacial tension areas to cooler, high interfacial ten-

sion areas. This movement often propagates into the bulk liquid causing doughnut like

convection currents within a static droplet.

Practically, this convection flow has little effect on coalescence when the temperature

source is temporary, as the convection will reach an equilibrium with the temperature and

movement will slow. Whereas, if the temperature source is permanent or changing, like

heat within an industrial plant or from the heat of radiation, the change in temperature

across the plant must be taken into consideration as changes in interfacial tension could

effect separation efficiency.

2.5 Contact Angle

As not all droplets are perfectly spherical, research has shown how external factors effect

the form of the droplet. The largest external factor effecting droplet formation is the

material on which the droplet sits. When an aqueous liquid sits on a hydrophobic material,

or an organic on a hydrophilic material, the droplet is likely to relax and spread. A liquid

will take the shape that expels the least energy; spreading, also known as wetting, is when

a droplet lays flat on a material with a contact angle close to 0o, shown in Figure 2.7a.

a) b)

Figure 2.7: Sessile water droplet on a) stainless steel b) PTFE.
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The opposite to spreading/wetting is beading. Beading, shown in Figure 2.7b, occurs

when an aqueous/organic liquid comes into contact with a hydrophobic/hydrophilic mate-

rial, respectively. The bead is formed as the lowest energy environment for the droplet is

within the bulk liquid, due to the repelling nature of the material. This material repulsion

and attraction is due to adhesion and cohesion65. Adhesion is the interaction between the

liquid molecules and the material, whereas, cohesion is the interaction between the liquid

molecules themselves65. When adhesion is greater than cohesion the liquid will spread on

the material.

Härth and Schubert66 published a very detailed paper on force balances across droplets

with different spreading dynamics; they take into consideration capillary force, gravita-

tional force and viscous frictional force. They define that if the radius of the drop is smaller

than the capillary length then the droplet will be spherically capped as capillary forces

dominate66. Capillary length is defined in Equation 2.15, where lc is the capillary length

and γD the dispersed phase interfacial tension. For the droplet to spread completely onto

the plate, its radius must be larger than the capillary length; in this situation gravitational

forces dominate.

lc =
√
γD
ρg

(2.15)

Balancing the forces acting upon a droplet and utilising previous models66,67 found that

Equations 2.16 and 2.17 were true for complete wetting and partially wetting (beading)

droplets.

γD
16V 2

πr5 + 4ρgV 2

3πr3 −
ηṙr6

λV 2 = 0 (2.16)

Complete wetting

2πr
(
S + γD

8V 2

π2r6

)
+ 4ρgV 2

3πr3 −
ηṙr6

λV 2 = 0 (2.17)

Partial wetting
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V Drop volume
H Frictional coefficient
ṙ Rate of spreading of at the 3 phase boundary
λ Dimensionless shape factor
S Spreading dynamic (S = γS − γD − γSD)

Härth and Schubert66 go on to derive an equation defining a correlation between the

radius of the droplet and spreading time from complete and partial spreading (Equation

2.18 and 2.19)

r(t) =
[(
γd

96λV 4

π2η
(t+ t0)2 +

(
λ(t+ t0)

η

) 2
3
(24ρgV

8
3

7.96
1
3
π

4
3γ

1
3
d

)] 1
6

(2.18)

Complete wetting

r(t) = re

[
1− e

(
−

(
2γd
r12
e

+ ρg

9r10
e

)
24λV 4(t+t0)

π2η

)] 1
6

(2.19)

Partial wetting

where t0 accounts for experimental time delay and re is the equilibrium contact radius.

With Equations 2.18 and 2.19, any droplet can be described at any moment during the

spreading time.

Härth and Schubert66 took into consideration frictional force, however, did not consider

the roughness of the surface on which the droplets sits. Figure 2.8 shows three separate

situations a settled droplet can experience. These situations are explained in a study

completed by Whyman et al.68.

Figure 2.8a shows the situation of a droplet on a flat surface, this situation is where

the well-known Young-Dupre equation, Equation 2.20, holds true.

cosθe = γSC − γSD
γCD

(2.20)

where cosθe is the equilibrium contact angle and, γSC , γSD, γCD are the surface tension

values between the solid and the continuous phase, solid and the dispersed phase and

continuous and dispersed phases, respectively, as represented by the subscript lettering.
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 a) b) c)

θ
θ*

θ*SR SR

Figure 2.8: Different wetting regimes. a) Flat, b) Rough (Wenzel), c) Rough with air
(Cassie-Baxter)68.

Figure 2.8b shows the situation of a rough surface with a spreading droplet, known as

the Wenzel regime. Here the surface roughness, shown as SR in Figure 2.8 is > 1. Contact

angles for droplets in the Wenzel regime are calculated using Equation 2.21, where θ∗ is

the apparent contact angle as the true contact angle cannot be directly measured.

cosθ∗ = SRcosθ = f

(
γSC − γSD

γCD

)
(2.21)

Finally, 2.8c shows a rough surface material (f > 1) with a beading droplet. This

situation is called the Cassie-Baxter regime, described by Equation 2.22. Here interfa-

cial tension is proportioned (φi) between the solid/continuous interaction, γi,SC , and the

solid/dispersed interaction, γi,SD.

cosθ∗ = Σφi(γi,SC − γi,SD) (2.22)

Most commonly, two phases are present and so Equation 2.22 can be written as Equa-

tion 2.23.

cosθ∗ = φ1(γ1,SC − γ1,SD) + (1− φ1(γ2,SC − γ2,SD) (2.23)

2.6 Coalescing Droplets

When droplet interfaces collide, they combine to become a single droplet with larger

volume. This mechanism is known as coalescence. Coalescence is the most common
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mechanism of dispersion breakdown and phase separation. For this reason, coalescence of

droplets will be discussed more than the other breakdown mechanisms. It is believed this

is the principle reason for separation within a micro-separator.

Dispersed droplets within a continuous phase have a finite lifetime before two sepa-

rate phases are formed through coalescence25. The direction a droplet travels during the

separation process, depends on the difference in density of the two liquids in the system.

A dispersed droplet travelling through a liquid will continuously accelerate until the drag

force and gravitational force balance with its buoyancy, at which point the droplet will

reach terminal velocity.

Needle Falling 
dropletSessile 

droplet
Solid

Figure 2.9: Coalescence progression of a falling droplet onto a sessile droplet on SS. Each
frame is equal to 1× 10−6s.

When two droplets meet, or a droplet meets a surface coated by the same liquid, such

as in Figure 2.9, they will coalesce to reduce their overall surface energy. This is more

favourable for each droplet as previously state in Section 2.241. Figure 2.9 shows a coa-

lescence event which occurred much less than a second, however, droplets can sometimes

be in close proximity for several hours both a coalescence event occurs41.

The first stage of coalescence is the collision, Figure 2.10a. This can sometimes result

in the droplet bouncing apart, however, if the surface characteristics are correct the contin-

uous phase begins to drain from between the colliding droplets, forcing the two together.

After the initial collision a planar region is formed as a result of the increased surface

tension experienced by the molecules of the different droplets post collision, Figure 2.10b.
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a) Collision b) Drainage of continuous phase

c) Bridging d) Coalescence

Figure 2.10: Diagram of the four stages of coalescence

These molecules are attracted towards each other forming a neck or bridge, Figure 2.10c.

This bridging mechanisms can also be a result of the roughness of the surface material if

the coalescence is occurring on a surface69. Once the neck is formed, the development of

the final droplet is determined by viscous, inertial and surface forces69.

The Reynolds number of this flow can be estimated by Equation 2.24.

Re = γRm
ρν2 (2.24)

where γ remains as interfacial tension, ρd the density of the dispersed phase, ν = µ
ρ the

kinematic viscosity and Rm the meniscus radius, shown in Figure 2.11.

Organic

Aqueous

γ

R0

Rm

w

ηA

x

ρA

ηOρO

Figure 2.11: Surface profile of two coalescing drops of radius R0, viscosity η and IFT, γ.
The bridging radius Rm has width of w

Within Figure 2.11 it can be seen that the two droplets are identical, sharing the same

density and viscosity, whereas, the continuous organic phase has different properties. The

difference in these properties determines the length of time (t) the meniscus of radius

Rm(t) with width w(t) take to form. The extent at which variations in droplet properties
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effects coalescence rates is investigated further in Section 3.369.
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CHAPTER 3
Effect of pH and Heavy Metal Ion Concentration on the

Coalescence Rate of Static Droplets

To develop high efficiency settling technologies, a greater understanding of the coalescing

interface is required. Traditionally it is understood that for a two phase, immiscible system

with low viscosity fluids, the coalescence rate of droplets is controlled by the overall droplet

inertia and the interfacial tension70. However, with most microfluidic devices operating

within a laminar flow region, it is unknown to what extent other factors, such as wall

effects or ion concentration, will influence coalescence rates.

As such, a study of contact angle and interfacial tension in a two phase, temperature

controlled, immiscible system was completed. The study used tri-n-butyl phosphate (TBP)

with an n-dodecane diluent, this system was chosen to represent the nuclear reprocessing

process PUREX (plutonium, uranium redox extraction). The TBP volume percentages

used within the PUREX process were 20 v% to 30 v% TBP. PUREX uses the ratio between

TBP and the n-dodecane diluent to control process viscosity and density. Cerium (III)

nitrate was used as the heavy metal ion (HMI) as it is not extractable with TBP in this

oxidation state, and therefore mass transfer kinetics do not effect the results found. The

effect of aqueous phase metal ion loading was observed for contact angle, interfacial tension

and coalescence rate.

3.1 Contact Angle

Contact angle, as discussed previously, is a measure of how the liquid and surface material

interact with each other. The droplet environments experienced within the P-TS will be on

the plate materials; stainless steel, acrylic (PMMA) or both. For this reason experiments

were completed on both surface materials with an organic continuous phase and aqueous

dispersed phase, and repeated with continuous and dispersed phases reversed.

Contact angle experiments were conducted to find the influence of pH or HMI con-
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centration ([HMI]) on the hydrodynamic behaviour of fluids within the separator. It has

previously been proposed that the relationship between the fluid and wall material has

the largest effect on the separation efficiencies experienced within a P-TS31,33. Here, we

propose that varying the [HMI] or pH ([H+]), a common occurrence throughout a solvent

extraction flow sheet, could potentially alter the effectiveness of the P-TS. This alteration

could result in potential design alterations to the separator to ensure consistent separation

efficiency throughout the entire flow sheet.

The contact time of a droplet with the device wall will be brief, as droplets are flowing

in a confined system and are unlikely to settle and flatten like a stationary droplet. As

such the instantaneous contact angle was measured.

3.1.1 Methodology

All reagents used were 99% purity or higher from Fisher Scientific (Loughborough). All

water used is ultra pure, deionized water from a MilliQ water purification system by

Millipore (Millipore, Watford, UK). Organic phases were pre-equilibrated with 3M HNO3

or 3M Ce(NO3)3 prior to measurements. Pre-equilibration is used to reduce the time

taken for the system to reach equilibrium. Contact of the two phases was achieved via

five minutes of high speed stirring and five minutes centrifugation in the Compact Star

CS4 centrifuge. All test plate materials and glassware were prepared by cleaning with

acetone, ultrasonic bath and compressed air spray to remove dust between each change of

dispersed or continuous phase.

Contact angle measurements were taken using a Biolin Scientific optical tensiometer.

Attension Theta software computationally tracked the outer edge of the sessile droplet.

Within the software, this outline is related to a user input baseline, and the angle at the

point of intersect is taken as the contact angle. Measurements taken are shown in Figure

3.1.

Initial calibration was completed using a 4mm calibration ball submerged in the desired

continuous phase. Camera positioning was altered to point up or down towards the sample

area, 2o off horizontal to ensure the reflection of the droplet in the material was captured
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 θLHS  θRHS

Baseline

Re�ection

Tracked 
droplet outline

Figure 3.1: Contact angle measurement procedure where θLHS/RHS are the left and right
hand contact angles, respectively.

(Figure 3.1). This reflection allows for the baseline of the droplet to be clearly defined

allowing for more repeatable results. Once the camera was moved to its final position the

calibration was reconfirmed using the known diameter needle width.

The continuous phase and test material were contained in an optical glass cuvette. A

syringe of the dispersed phase, orientated perpendicular to the test material was positioned

and the cuvette sealed from the environment. The experimental set-up is shown in Figure

3.2a. The dispersed phase was introduced to the continuous phase as a sessile droplet

using a screw thread Hamilton gas tight syringe and gauge 25 straight or hooked needle

tip, see Figures 3.2b and c. A hooked needle, shown in Figure 3.2c, was used for in situ

testing when the dispersed phase density was less than that of the continuous phase. In

this situation, the test material was held upside down in a 3D printed holder. Using this

set up, the Attension Theta software is set to vertically flip the image. All experiments

were conducted at approximately 20 ℃.

A droplet at its largest volume was released from the syringe to fall/rise onto the

test plate material. The instantaneous contact angle was recorded as soon as the droplet

remained stationary. The contact angle and droplet volume was measured in triplicate.

Droplet volume was controlled using a screw thread syringe.
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b) c)

Light Source Di�user

To 
computer

Focusing optics 

Screw thread syringe

Blunt-ended 
needle

a)

 Camera
Test area

θLHS θRHS

θLHS θRHS

Figure 3.2: Contact angle experimental set-up, a) Set up of optical tensiometer for contact
angle measurements. b) Test area set up for heavy phase as dispersed droplet. c) Test
area set up for light phase as dispersed droplet.

Two control experiments were conducted. The first control experiment was conducted

using increasing concentrations of nitric acid dispersed phases (1M, 3M, 5M HNO3), with

dispersed phase measurements of TBP ligand with varying dodecane dilutions. Dodecane

dilutions used were 100 v%, 90 v%, 80 v% and 70 v%, with TBP making up the remaining

volume. The second control experiment reversed the dispersed and continuous phase so

that increasing TBP concentrations within dodecane were the dispersed phases and 1M,

3M, 5M HNO3 the continuous phases. All experiments were conducted on both PMMA

and SS.

This experiment was repeated with HMI introduced. Here, increasing concentrations

of cerium (III) nitrate dispersed/continuous phases (1M, 3M, 5M Ce(NO3)3) were used.

The organic phase used for the HMI experiments were the same as those used in the control

experiment (100 v%, 90 v%, 80 v%, 70 v% dodecane). As with the control experiments the

continuous and disperse phases were reversed and the measurements repeated on both

stainless steel and PMMA. Measurements of 5M Ce(NO3)3 were not taken due to similar
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refractive indexes of the two phases.

3.1.2 Results and discussion

3.1.2.1 Aqueous dispersed in bulk organic
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(a) Dispersed phase: Nitric acid.
Test material: PMMA
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(b) Dispersed phase: Nitric acid.
Test material: Stainless steel
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(c) Dispersed phase: Cerium nitrate.
Test material: PMMA
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(d) Dispersed phase: Cerium nitrate.
Test material: Stainless steel

Figure 3.3: Contact angle measurements for aqueous dispersed systems in TBP/dodecane
continuous phases for comparison of pH and HMI variation effects. 0M measurements
substituted the dispersed phase with pure water. Lines are used to guide the eye.

The results from the HMI-free aqueous in organic experiments are shown in Figures

3.3a and b. No strong relationship within this data was observed. The most significant

results are the relatively high contact angles observed on the hydrophilic, SS plate. It

was assumed that the angles would be less than 90o, however, here it is found that an
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organic continuous phase alters the hydrophilic behaviour on the SS plate. The results

of the HMI-free experiments show an average decrease in contact angle of 27.7% with

the material change from PMMA to stainless steel. The results from the HMI aqueous in

organic experiment, shown in Figures 3.3c and d, also follow this trend with an average

decrease in contact angle of 18.8%. Again, it was expected that the change in contact

angle from the hydrophobic to hydrophilic plate material would be more significant as

usually the aqueous phase contact angle on a hydrophilic material is less that 90o.66.

3.1.2.2 Organic dispersed in bulk aqueous
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(a) Dispersed phase: 30 v% TBP in Dodecane.
Test material: PMMA
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(b) Dispersed phase: 30 v% TBP in Dodecane.
Test material: Stainless steel
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(c) Dispersed phase: 30 v% TBP in Dodecane.
Test material: PMMA
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(d) Dispersed phase: 30 v% TBP in Dodecane.
Test material: Stainless steel

Figure 3.4: Contact angle measurements for organic dispersed systems in acidic continuous
phases for comparison of pH and HMI variation effects. 0M measurements substituted the
dispersed phase with pure water.Fitted lines are used to guide the eye.
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The results from the HMI-free organic in aqueous experiment, are shown in Figures

3.4a and b. Unlike the aqueous in organic experiments, results of these experiments show a

large average increase in contact angle with the material change from PMMA to SS. These

are calculated as a 136% increase for the 30 v% dodecane system and 537% for the 100 v%

dodecane system. This magnitude of change is expected when moving from hydrophilic to

hydrophobic systems66. As the magnitude of change was so large within the aqueous bulk

system, this therefore, supports the hypothesis that an interaction between the organic

continuous phase and the stainless steel test material caused the increase in contact angle

observed in the aqueous in organic test case. The results from the HMI organic in aqueous

experiment, shown in Figures 3.4c and d, also follow this trend with an average increase

in contact angle of 147% and 904% for the 30 and 100 v% dodecane systems respectively.

However, as aqueous dispersed data, no strong relationship was found.

3.1.3 Conclusion

It was found that the hydrophilic nature of SS in air is reduced in a bulk organic envi-

ronment. However, when the bulk phase is changed to aqueous the SS behaviour is as

expected. This shows that although SS is hydrophilic, its hydrophobic behaviour can be

altered by organic contamination. In terms of separator design, it has been suggested

in previous studies that the cause of separation in the P-TS is a result of the different

fluid interactions with the hydrophobic and hydrophilic walls31–33,35. Using the results

found within this study, if the previous statement is correct, it would be found that the

separation efficiency of a P-TS is reduced when the continuous phase of a dispersion is

organic phase. No significant relationship was observed with increasing [HMI].

To fully understand if separation efficiency will increase or decrease with an increased

contact angle of either the dispersed or continuous phase either non-static investigations

or, as with coalescer design (described in Section 1.3.3) computational fluid modelling

would have to be completed.
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3.2 Interfacial Tension

Surface tension of a liquid is a measure of cohesion strength between the liquid molecules.

Interfacial tension between fluids effects the ease at which droplets coalescence and sepa-

rate. Continuing from the contact angle investigations, the effect of pH and [HMI] on in-

terfacial tension was investigated. Interfacial tension variations will mainly affect droplets

that have not contacted on either plate, these droplets are likely to coalescence with a

slowed droplet, adhered onto a wall. Again, it is proposed that a change in the interfacial

tension with varying heavy metal ion concentration or pH could effect the efficiency of a

microfluidic separator throughout a solvent extraction plant. This change would not be

of concern to larger separation units as wall effects are less apparent.

3.2.1 Methodology

Reagents and methods used to prepare solutions and glassware are as described in Section

3.1.1.

Interfacial tenisons were measured using the pendant drop method, explained in Sec-

tion 2.3.3.1, and shown in Figure 3.5a, on a Biolin Scientific optical tensiometer. Attention

Theta software running the Young - Laplace model was used for data analysis. The mea-

surements used by the software are shown in Figure 3.5b42.

Initial calibration was completed by measuring the interfacial tension of a pendant

drop of water in an air continuous phase (72.86 mN.m−1)71. It was observed that chang-

ing continuous phase caused a difference in measurement due to a change in the refractive

index. Calibration was then confirmed using a 4mm calibration ball submerged in the

desired, organic continuous phase. This confirmation negates any error caused from re-

fractive index.

The aqueous, dispersed phase was introduced to the continuous phase as a pendant

drop. Droplets were produced using a screw thread Hamilton gas tight syringe and gauge

25 needle tip. Both continuous phase and dispersed phase were contained in a sealed,

optical glass cuvette. All experiments were conducted at 20 ℃.
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Figure 3.5: Interfacial tension experimental set-up. a: Set up of optical tensiometer for
pendant drop interfacial tension measurements42. b: Measurements taken to determine
IFT with the Young-Laplace model, further details are published by Berry et al42 (repeated
from Figure 2.5b for ease of reading). c: Ideal droplet condition for interfacial tension
measurements.

A droplet at its largest volume without necking, see Figure 3.5c, was left to reach

equilibrium. To ensure system equilibrium, the droplet interfacial tension was measured

for 10 seconds, when three consecutive interfacial tension readings taken 30 seconds apart

gave the same value, the system was assumed to have reached equilibrium.

The interfacial tension and droplet volume was measured for each system and repeated

in triplicate. The volume of each droplet was compared to ensure a consistent maximum

volume prior to necking. Droplet volume was controlled using the screw thread syringe.

Interfacial tension data presented within this investigation is the average of the tripli-

cate results for each system.

A control experiment was first conducted using increasing concentration nitric acid

dispersed phases (1M, 3M, 5M HNO3). The control dispersed phase measurements were

taken within continuous phases of TBP ligand with varying dodecane dilutions. TBP

dilutions used were 30 v%, 20 v%, 10 v% and 0 v% TBP.
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The HMI experiment was conducted using increasing concentration of cerium (III)

nitrate dispersed phases (1M, 3M, 5M Ce(NO3)3). Cerium (III) nitrate solutions were

prepared by matching the nitrate concentration to that of the control systems; from this

nitrate concentration the mass of cerium could be calculated. Using the mass of cerium

and the desired molarity the volume of water required could be calculated. The contin-

uous phases used for the HMI experiments were the same as those used in the control

experiment.

3.2.2 Results and discussion

The results from the control experiment (HMI free) are shown in Table 3.1; they show

a large initial drop in IFT with addition of TBP from 0 v% to 10 v%; this drop plateaus

upon further addition of TBP. These results suggest that the property control provided

by dodecane dilution does not affect the process IFT within the industrially used region

(20 v% - 30 v%)

Bajoria et al.72 found the properties of increasing HNO3 concentration varies after

contact with increasing concentrations of TBP. For 3 M and 4 M HNO3, a minimal in-

crease in both viscosity and density was observed when increasing TBP. As the increase is

minimal, they conclude that interfacial tension variations observed are due to adsorption

of TBP at the interface, as opposed to changes in the physical properties of the HNO3.

The observations by Bajoria et al. support the data provided and confirm that the control

experiment can be taken as a baseline for interfacial tension variations for the HMI free

system.

The results from the HMI experiment, shown in Table 3.2, also show a large decrease in

Table 3.1: IFT variations with acid molarity within continuous organic phase.

Dispersed PhaseInterfacial Tension
mN/m Water 1 M HNO3 3 M HNO3 5 M HNO3

Dodecane 27.23 25.55 23.93 25.71
10 v% TBP 12.52 7.02 11.60 11.33
20 v% TBP 10.38 9.34 10.69 12.45

Continuous
Phase

30 v% TBP 9.43 8.89 9.82 11.77
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interfacial tension followed by a plateau when TBP concentration is increased. This trend

appearing in both systems confirms that interfacial tension within the PUREX process

will not be affected by varying the dilution of TBP.

Table 3.2: IFT variations with [HMI] within continuous organic phase

Dispersed PhaseInterfacial Tension
mN/m Water 1 M Ce(NO3)3 3 M Ce(NO3)3 5 M Ce(NO3)3

Dodecane 27.23 35.37 40.99 Unavailable
10 v% TBP 12.52 17.12 24.65 40.46
20 v% TBP 10.38 14.72 26.62 43.64

Continuous
Phase

30 v% TBP 9.43 14.39 28.44 46.18

A notable difference to the control experiment observed within the HMI experiment

is the increase in interfacial tension with increase of [Ce3+ ]. As the loaded Ce3+ system

does not experience the [H+] change present in the control, it was suggested that [H+]

could inhibit interfacial tension increases. Previous studies have found that the ability of

the P=O group on the TBP molecule to absorb onto an aqueous droplet is reduced with

the addition of [H+]73; therefore, it was expected that the interfacial tension observed

for TBP/n-dodecane in the presence of HNO3 would increase with acid strength. This

behaviour was observed for the control system with an average increase of 30% from

1M HNO3 to 5M HNO3 for 10 v% TBP and higher systems. Across the same range of

continuous and dispersed phases the Ce3+ loaded system experienced an interfacial tension

increase of 184%.

To investigate this further, the [H+] of the Ce3+ loaded systems was increased with

small additions of concentrate HNO3; the interfacial tesion variations with increasing

[H+] are shown in Figure 3.6. With increased [H+], interfacial tension increases of 33%

and 109% were observed for the 3M Ce3+ systems in 30 v% TBP and n-dodecane when

compared to 1M, respectively; 80% and 72% of this change occurred once the system pH

dropped below 1.5. The reduction of pH for the 1M systems show no change in interfaical

tension.

The increase in interfacial tension below [H+] = 10−1.5M is supported by previous

studies73, however, the overall increase in interfacial tension with [H+] is relatively small
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Figure 3.6: Interfacial tension variations with pH for different cerium nitrate systems.
Where 1M and 3M Ce(NO3)3 in Dodecane are shown as pink and green respectively. 1M
and 3M Ce(NO3)3 in 30 v% TBP are shown as blue and yellow, respectively.

when compared to the increase observed in Table 3.2. Therefore, the change in HMI

loading is the primary reason for the change in interfacial tension for lower pH systems,

such as those tested in Table 3.2 which were measured at 2.25 and 3.16 for 3 M and 1 M

cerium nitrate, respectively.

The relationship established is an increase [HMI] within the aqueous phase will cause

a large increase in interfacial tension. This increase is not affected by [H+].

3.3 Coalescence Rate

With an increase in [HMI] causing an increase in interfacial tension yet minimal influence

on contact angle, further tests were conducted to find the practical implications of this

relationship on a coalescing system.

Coalescence rate is a measure of the speed at which two droplets combine to become a

single droplet upon a collision event. Coalescence is the primary mechanism for separation

within a separation device. Here we measure the rate of coalescence while varying the pH
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and [HMI]. Results values from the above interfacial tension experiments are used within

the following analysis.

3.3.1 Methodology

Using a high-speed camera (Photron fastcam SA5, with x12 zoom lens) images of coalesc-

ing sessile droplets (stationary droplets on a surface) were taken at 6000 fps.

An optically clear, glass cuvette with a stainless-steel base was filled with the organic,

continuous phase. Droplets of the dispersed phase were then positioned parallel to each

other on the stainless base, diagram shown in Figure 2.11. The first droplet was placed

on the base of the cuvette and allowed to relax; a single axis stage was then used to

orientate a needle into a position where the relaxation of the second droplet would cause

a coalescence event. Each droplet was formed using a screw thread Hamilton gas tight

syringe and gauge 25 needle tip. The screw thread was used to control droplet volume.

The radius of the coalescing front, Rm, was measured using image processing software,

ImageJ, an example of this is shown in Figure 3.7. The known size needle tip was used as

the calibration reference.

Figure 3.7: Growth of time line, Rm shown in red, over time. The difference between each
frame is 1.67×104 seconds

The dispersed and continuous phases used were the same as those used within the

interfacial tension experiments.
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3.3.2 Results and discussion

Rate of coalescence for a droplet is governed by the relationship between the fluid viscosity,

η, and interfacial tension γ. It was found by Egger et al.74, that coalescence would occur

by either viscous coalescence or inertial coalescence; equations for each situation were

developed. Aarts et al.70 found, based on a Reynolds number of the dispersed phase

Re ∼ ργR0
η2 , where ρ is the fluid density and R0 is the undistorted droplet radius, the

transition from viscous to inertial coalescence occurs at a Reynolds crossover position of

Rec = 1.5± 0.5. The Rec values for the baseline and loaded HMI systems were calculated

using the viscosity terms, 1.19 cP and 1.42 cP, respectively72,75. The corresponding Rec

values were calculated as 6.25 and 3.82, confirming both systems are well within the inertial

coalescence regime and, therefore the inertial model can be can be assumed true74,76.

The Eggers et al. inertial model concludes with 3.1:

Rm ∝
(γR0)
ρ

1
4

√
t (3.1)

Equation 3.1 shows that the rate of growth of the tie line Rm, shown in 2.11 is propor-

tion to
√
t, where t is time with a proportionality constant of k. Comparing the predicted

Rm from Eggers et al. with the raw data collected from the high-speed camera recordings,

there was strong agreement. We conclude that all data lies within the inertial coalescence

region and that viscosity changes do not affect the coalescence rate of the tested systems;

the comparison between raw data and the fitted model is provided in 3.8.

Normalising the data using the undistorted droplet radius, R0, and inertial time (ti),

shown in Figure 2.11, the data collapses onto a linear relationship were the gradient term,

k, can be used to compare the coalescence rate77.

ti =

√
ρR3

0
γ

(3.2)

It can be seen in Figure 3.9, that there is a clear distinction between the control

system (HNO3) and the loaded HMI system, signifying that loaded HMI droplets coalesce
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Figure 3.8: Time evolution of the radius Rm for the control and HMI system. Raw data
is shown as symbols and the fitted data following the model, Rm ∼

√
t, shown as lines;

dotted lines denote the HMI system and solid lines the control system. (♦: Cerium nitrate;
�: Nitric Acid. 1 M in Dodecane: Pink; 3 M in Dodecane: Green; 1 M in 30 v% TBP:
Blue, 3 M in 30 v% TBP: Yellow). The effect of the organic phase is not shown as the
purpose of the figure is solely to compare the strength of the comparison between raw
data and the fitted model.

faster. Average coalescence rates for systems with higher Ce3+ are 80.8% faster than those

observed for the corresponding control system, based on k values provided in Table 3.3.

Table 3.3: k values for direct comparison of rate of coalescence for the dispersed and
continuous systems tested.

1M HNO3 1M Ce(NO3)3 3M HNO3 1M Ce(NO3)3

Dodecane 0.36 0.79 0.42 0.73
30 v% TBP 0.51 0.88 0.43 0.82

For the [HMI] tested, an average decrease of 7% was observed in the coalescence rate

when the concentration is increased from 1M Ce(NO3)3 to 3M Ce(NO3)3. This decrease

was expected as over the same range the interfacial tension is increased.

The k values show that coalescence rate in systems with TBP will coalescence faster

than those without. On average the introduction of TBP increased coalescence rate by

12%, this is supported by the drop in interfacial tension and droplet volume observed in

64



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(t/ i)

1/2

0

0.2

0.4

0.6

R
m

/R
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(t/ i)

1/2

0

0.2

0.4

0.6

R
m

/R
0

(a)

(b)

1 M systems

3 M systems

Figure 3.9: Scaled time evolution of the coalescing radius Rm for different aqueous and
organic systems. Where (a) focuses on 1M systems and (b) 3M system. (♦: Cerium
nitrate; �: Nitric Acid. 1M in Dodecane: Pink; 3M in Dodecane: Green; 1M in 30 v%
TBP: Blue, 3M in 30 v% TBP: Yellow) Shaded regions are also used to guide the eye,
light grey: cerium nitrate and dark grey: nitric acid.

.

the presence of TBP.

3.4 Conclusions

In all cases an increase in [HMI] results in an increase in interfacial tension and a higher

coalescence rate. The introduction of TBP increased coalescence rate by 12%, this is

supported by the drop in interfacial tension and droplet volume observed in the presence

of TBP. This interfacial tension change was found to be controlled by the [HMI] for systems

with a pH greater than 1.5. Below a pH of 1.5 the interfacial tension is likely governed

by the relationship at the droplet interface between the ligand, TBP, and [H+]. This

relationship between interfacial tension and coalescence rate was expected due to the well

documented theory of cohesive forces of molecules at the droplet interface41.

In practice this conclusion means that in an industrial flowsheet the efficiencies of the
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separation stages will vary with a bank as the HMI varies and so, the system [HMI] and

diluent concentrations must be taken into consideration to improve separation efficiency

and reduce over-engineering.
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Part II

Coalescence in Confined,

Flow-driven Systems
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CHAPTER 4
Flow-Driven Coalescence Theory

The joining of droplets in a flowing system is known as flow-driven coalescence, as opposed

to static coalescence investigatedin Chapter 333. As discussed in section 3.3, coalescence

is the joining of two droplets after a collision event, and can be effected by changes in

[HMI] and pH in a static system. Unlike static coalescence, when considering colliding

droplets in a flowing system, coalescence or droplet break-up can occur. In steady state

flowing conditions, a balance between the coalescence and break-up is achieved, producing

a specific droplet size population78.

The extent to which static or flow-driven coalescence influences a rectangular channel

is estimated through the calculation of the Peclet number78,79.

Pe = Re.Pr = ρdvddh
µd

µcCpc
κc

(4.1)

where Re and Pr are the Reynolds and Prantdtl number, vd is the droplet velocity,

hydraulic diameter, dh = 2ab
a+b where a and b are the width and height of the rectangular

duct, Cp the specific heat capacity, and κ the thermal conductivity both for the continuous

phase. In a system with a Pe >> 1 flow-driven coalescence will dominate33.

In flow-driven coalescence conditions, coalescence is only guaranteed within a small

area surrounding the droplet, shown in purple in Figure 4.1. This region is bound by

the streamline path of a small droplet, A, with a droplet diameter of dA, progressing

towards the larger droplet, E (diameter dE). The coalescence of A into E is represented

by droplet B. Whereas, outside of the region dE + dA, the coalescence of small diameter

droplets cannot occur, shown by droplet C. For droplets with diameters spanning over

the dE + dA range, shown as droplet D, droplet deformation will occur upon approach

due to momentum along streamlines. Coalescence or rebound of droplet D to E will be

dependant on the kinetic force of the collision. Droplets flowing completely outside of the

dE + dA region will not coalesce.
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Figure 4.1: Flow-driven Coalescence

Lyu et al.78 state that the computational modelling of flow-driven coalescence is simple

in comparison to static coalescence. This is due to a reduction in the driving forces

experienced in static coalescence, such as: Brownian motion and sedimentation. They

continue to state that in many instances it is more suitable to study flow-driven systems as

opposed to the conventional static mechanisms used. However, in contrast to the extensive

literature published for computational flow-driven coalescence with solid particles and

experimental static coalescence of L-L systems, there is little reported on flow-driven

coalescence in experimental L-L systems33,78,80–83. Lyu et al. suggests a reason for this

imbalance in research is due to the technical difficulty in experimentally measuring droplet

size distributions under flow conditions. Chen et al.82 corroborate the statement made

by Lyu et al., stating that as flow-driven coalescence inevitably involves multiple droplet

interactions, it is more complex to study experimentally.

Under flow-driven coalescence conditions, the coalescence efficiency is proportional to

the collision frequency, ċ, for equal-sized spherical droplets in viscous shear flow33.

ċ = 2
3Γ̇d3n2 (4.2)
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where Γ̇ is the shear rate (s−1), d is the droplet diameter and n is the number of droplets

per unit volume. It can be seen that the collision rate is heavily influenced by the droplet

diameter.

In a microfluidic device the shear rate experienced by a dispersed droplet from the

continuous phase is much greater than that experienced in a macrofluid84. Therefore,

it is reasonable to assume a higher frequency of collisions within a microfluidic device

as there is a greater opportunity of coalescence occurring. However, a high shear rate

can also increase the probability of break-up of larger droplets, reducing the d3 term in

Equation 4.2. A measure of whether a droplet will coalesce or break within high shear

flow is the Capillary number (Ca).

Ca = ηcv

γ
=
(
ηcΓ̇r
γ

)
(4.3)

where ηc is the continuous phase viscosity and r the droplet radius.

A critical value of the Capillary number exists at the point at which coalescence can

no longer occur82,85,86. Calculation of the critical Capillary number (Cacrit) is dependant

on a critical droplet diameter as a function of shear rate, and other physical parameters

of the dispersion87.

Cacrit = −0.506− 0.0994log(p) + 0.124log2(p)− 0.115
log(p)− log(pcrit)

(4.4)

Cacrit, as shown in Equation 4.4, is reliant on the viscosity ratio of the dispersed

and continuous phase, p = ηd
ηc . Based on experimental data obtained by Grace88, pcrit

is taken as 4.08. However, it has since been proven that Cacrit is influenced by many

factors including shear rate, droplet size, velocity gradient direction, viscosity ratio, flow

type, and the molecular weight of the continuous fluid and therefore is best determined

computationally81,82,85,89.

When the viscosity ratio, p, is between 0.1 and 1, Equation 4.4 gives the minimum

critical capillary number,Cacrit, above which droplet break-up is prominent86. Therefore,

a separation device requiring efficient coalescence must have a Ca less than Cacrit 33. Cacrit
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has been reported between 0.3 and 0.590–92. Below Cacrit, shear rate has a high influence

on ċ in Equation 4.233. Shear rates within a P-TS have been reported in the region of

104 s−1 33. This is much higher than those experienced in macrofludic devices. According

to Equation 4.2, a collision frequency is directly proportional to shear rate, therefore it

could be assumed that a high shear rate would result in greater coalescence. However,

increasing shear rate and therefore, droplet break-up reduces the d3 term; where d3 is a

more dominant factor in the calculation of collision rate. Increased shear rates and droplet

break up would also result in an increase in the number of droplets per unit volume, n in

Equation 4.2. As the n term is to the power two, a combination of increased shear rate

and number of droplets could influence collision frequency to a greater extent than the

reduction in droplet diameter.

4.1 Confinement in Microchannels

In addition to Cacrit, the angle at which two droplets collide has also been found to effect

coalescence, provided the ratio of the droplet diameters is outside of the range, 0.7 to 1.93

To control this coalescence angle and promote coalescence within a flowing system, the

space in which the droplets meet can be dramatically reduced, this technique is known

as confinement82. Confinement is represented by the measurement, 2r/H, where r is the

droplet radius and H the plate spacing. The beneficial effects of confinement ratio are

experienced when 2r/H > 0.1− 0.233,94.

Chen et al.82 found that when increasing the shear rate and maintaining droplet size,

2r < 200 µm for bulk flow conditions, the critical capillary number for coalescence de-

creases with increasing droplet size. Chen et al.82 continuous to gradually increase con-

finement. Initially at low degrees of confinement, they find that the angle of coalescence

is decreased with respect to that of the bulk flow but Cacrit remains unchanged. With

further confinement increases, both the coalescence angle and Cacrit are influenced by the

presence of the device walls, resulting in a substantial increase in Cacrit and changes to

the flow field surrounding droplets within complete confinement 2r/H > 0.2. In practical
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terms this statement means, by introducing confined conditions, the angle of coalescence

is reduced and droplets are forced into the purple and blue regions shown in Figure 4.1.

Blawzdziewicz et al.94 provide a reason for this increased coalescence efficiency in

confinement. They found that strong confinement causes a pull on central droplets towards

the walls, shown in Figure 4.2. These central droplets are likely to flow directly through

the microchannel under non-confined conditions. Due to frictional forces, this movement of

droplet flow towards the walls under confinement would cause droplet velocity to decrease,

increasing the droplet interaction time between the coalescencing pair. Chen et al.82,95 also

state that, confinement causes a change in the flow field around the droplet pair, increasing

the total interaction time between them and reducing the coalescence angle. Therefore,

under confined conditions droplets are forced together at the walls by confinement, slowed

by wall effects and spend longer interacting at a reduced coalescence angle. It is thought

that the combination of these three factors causes the increased efficiency observed within

the P-TS investigations described in Section 1.4.

Fl
ow

(a) Confined conditions

Fl
ow

(b) Unconfined conditions

Figure 4.2: Dynamics of flow under confined and unconfined conditions. The flow direction
is indicated and the driving force for both conditions is equal, acting parallel to the
walls82,94

Confinement within a microchannel has also been reported to cause the formation of

flow structures in immiscible liquid polymer blends. Migler96 reports an elongation of

droplets into strings with increasing shear rate. The elongation was reported for systems

with a viscosity ratio roughly equal to 1 and dispersed droplet diameters comparable to

the channel width of two parallel plates. Previously, structures like this had only been

observed in biphasic systems with solid particles, such as in sedimentation97–99.

The formation of string like structures occurs in four stage process, as shown in Figure

4.3. The initial stage is coalescence of smaller droplets resulting in an increase in overall
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Figure 4.3: Formation of flow structures in confinement with time where, A and B show
the elongation of droplets, C the formation into necklace like structures, D the coalescence
into ribbons and E and F the coalescence and growth of ribbon structures96.

average droplet volume. Next the larger droplets self-organise into necklace like structures.

The aligned droplets coalesce to form strings and finally, the strings coalesce to form

thicker strings, to be called ribbons96. Migler96 speculates that the formation of the

structures is a result of the distortion of the velocity field around the droplets when

droplet diameter is comparable to channel width. This distortion is thought to cause an

attractive interaction between the flowing droplets. Migler96 also reports stable droplets

with a Ca >> 1; droplets in these conditions would break up in non-confined systems.

This behaviour can be explained by an increased stability due to wall confinement as

discussed above. The removal of the wall would result in string break-up due to the

Rayleigh-Tomotika mechanism. The Rayleigh-Tomotika mechanism, also referred to as

Rayleigh-plateau instabilities100, states that long cylindrical liquid strings will become

linearly unstable with disturbances with a wavelength longer than the circumference of

the string in non-confined systems, 2πRs, where Rs is the radius of the string101–104.

Capillary break-up in this way is a well understood occurrence in fluid mechanics103. As
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such, a potential suppression of this under confinement has lead to large interest in the

field droplet production in microfluidic devices105–107. However, little is reported on its

effect in micro-separators.

4.1.1 Hele-Shaw cell

In literature the space between two parallel plates has also been termed a Hele-Shaw

cell108–110. There are many similarities between research described as confinement in

parallel plate channels and those described as Hele-Shaw cells. Both theories provide

descriptions of elongating droplets which break up to form characteristic flow patterns

due to Rayleigh instabilities and/or varying shear stresses. However, Hashimoto et al.

state that the classic Hele-Shaw equations neglect the droplet velocity and its dependance

on capillary number110.

However, independent of the specific Hele-Shaw equations, much of the literature sur-

rounding droplet flow in Hele-Shaw cells discusses in detail shear-induced migration and

Saffman lift forces in terms of droplet travel in a thin, parallel channel. Saffman lift force,

also called wall migration, is the force felt by a droplet in the presence of a wall111,112.

This force opposes the pull of gravity on a flowing droplet causing it to lift away from

the surface as opposed to settling on the wall. Shear-induced migration is the migration

of a flowing, bounded droplet towards the centre of a channel112,113. Leal et al.114 have

produced extensive investigations into this area, providing detailed computational analysis

of a droplets dependency on both the velocity induced by buoyant forces and that from

droplet migration in microchannels. The most important details from these investigations

to this work is that both Saffman lift force and shear-induced migration are influenced by

capillary number, shear-rate, plate spacing and droplet diameter111,112.
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4.2 Practical Implications of Flow-Driven Coalescence The-

ory on the P-TS

It has been reported that the combination of shear-induced migration and Saffman lift

cause a significant increase in coalescence of droplets. Figure 4.4 shows the repulsion of

oil from the hydrophilic wall focuses a current on the hydrophobic wall. Without the

confinement and repulsion kinetics induced by the P-TS geometery, the flow profile would

be symmetrical around the z axis. The effect of droplet migration towards the centre of the

channel causes an increase in droplet concentration in this area. In turn, this increases the

number of collisions that can occur and therefore results in greater successful coalescence

events.

Hydrophilic

Hydrophobic

Velocity
distribution

Vphobic = V’

Vphilic = 0

x
z

H
/2

H
/2

ε

ε’

Geometric central plane
Plane of zero shear stress

Shear stress distribution

Figure 4.4: Schematic of confined flow between PTFE-SS microchannel under slip-wall
boundary condition. ε is the roughness of the SS plate, which is ≈ 2 µm, and ε′ is the
roughness of the PTFE plate, which is ≈ 0.2 µm; H is the height of microchannel. Vphilic
is the velocity of the continuous phase at the SS surface, and Vphobic is the velocity of the
continuous phase at the PTFE surface. Vphobic was non-zero at slip condition33.

Chen et al.33, discuss an imbalance of the classically asymmetry velocity distribution

profiles due to the hydrophobic and hydrophilic materials used to construct the P-TS. It is

suggested that this is why the researchers have found a dramatic reduction in separation ef-

ficiency when changing the materials of construction to PTFE-PTFE and glass-glass31–33.

Initially it was assumed that oil droplets collide with the hydrophilic wall and settle.

However, it is now believed they bounce away from the hydrophilic wall, increasing the
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density of oil droplets between the central axis and the hydrophobic wall. The opposite

of this would occur for water droplets, increasing the density of water droplets between

the central axis and the hydrophilic wall. Chen et al. uses wall and shear migration to

describe this movement33; however, also considers the work completed by Blawzdziewicz et

al.. Discussed above in Figure 4.2, Blawzdziewicz reported a relaxation of the high-density

region at the center of the channel under strong confinement conditions causing a general

movement of droplets towards the walls94. It would take an accompanying, comprehensive

computational simulations to completely understand the flow behaviour within the P-

TS. However, through review of the literature, it is proposed that the high efficiency

separation achieved in the P-TS are the result of shear-induced migration of droplets

in confinement. This assumption is strengthened experimentally within the proceeding

experimental results chapters.
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CHAPTER 5
Development of Ancillary Methodologies

The aim of this chapter is to optimise experimental procedures in order to accurately

measure the extent at which the design optimisation undertaken in Chapters 6 and 7

effect the separation efficiency of a P-TS of fixed length.

After reviewing previous studies conducted with the P-TS, in Section 1.4, it was con-

sidered that conclusive, experimental evidence as to why a decrease in separation effi-

ciency is observed with increased plate spacing was not available. To address this, a clear

Poly(methyl methacrylate) (PMMA) and stainless steel (SS) P-TS was designed. The

clear PMMA plate was used to allow for visual tracking of fluid flow patterns and droplets

within the P-TS. It was predicted that as the separation efficiency decreased, there would

be a visible difference in the flow pattern and droplet size distributions (DSD) across the

plate length.

5.1 Design and Manufacture of P-TS

A modular design was chosen for the P-TS to allow for the inter-changing of plates and

gaskets. Varying thickness gaskets will be used to change the plate spacing of the P-TS.

From Figure 5.1a, it can be seen that a four plate design was chosen consisting of the

PMMA upper plate, SS gasket, SS lower plate and a supporting backplate. The modular

design was held together with 14 bolts allowing for the even distribution of pressure across

the entire plate. Previous work has reported that the inclusion of an o-ring between the

gasket and upper or lower plate gives a false reading of the plate spacing, therefore, in this

work an o-ring was not included within this area. A thin o-ring was included between the

SS lower and supporting backplate to ensure no aqueous outlet liquid was lost, the location

of this o-ring can be seen in Figure 5.1a. Although, it was later observed that the surface

between these plates was dry when changing plates between experiments and concluded

that this o-ring was not required. To further ensure equal pressure was applied across plate
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area a torque wrench was used to precisely apply an equal torque to all bolts. Notches

were included on the SS lower and supporting backing plates to aid in the disassembly of

the gasket from the rest of the P-TS. The final dimensions and locations of the inlet and

outlets are shown in Figure 5.1b.

PMMA Upper Plate

SS Gasket

SS Lower Plate
Supporting Backplate

O-ring Channel

(a) Final exploded design where clear blue indicates the PMMA top plate, purple the SS gasket,
yellow the SS lower plate and grey the SS support plate.

272.00

243.00
230.00

27.00

Dispersed InletOrganic 
Outlet

Aqueous 
Outlet

(b) Final Dimensions of P-TS, where the black arrow indicates the dispersion inlet, red arrow the
organic outlet, both of which are located on the PMMA plate. The green arrow indicates the
location of the aqueous outlet on the SS plate.

Figure 5.1: Final design views and dimensions of P-TS
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5.2 Methodology Development

This section of the thesis describes key stages of the methodology required to determine

separation efficiency. The key areas for development are dispersion longevity, and accurate

visualisation of both macroscopic and microscopic flow structures; including DSD prior,

during and post separation. It is data reliability within these areas that will ensure the

data presented in this thesis are a true representation of P-TS performance.

5.2.1 Dispersion analysis

A study was undertaken to investigate the bulk dispersion characteristics of the systems

investigated in Chapter 3. The bulk dispersion characteristics, primarily the dispersion

separation rate, will have to be known before use within the P-TS. The aim of this study

is to fully understand how the interfacial tension, pH and [HMI] effect the bulk settling

under gravity separation. The result of this study will be the determination of optimum

parameters for creating stable dispersions for use within the P-TS investigations.

The outcome of these experiments was unexpected as reported separation times within

pulse columns and mixer settlers within THORP are much longer than what was observed

within this study115,116. The differences between the systems tested within these exper-

iments and those used within the THORP facility are the increased temperature from

the heat of radiation, viscosity increases from radiation degradation of the organic phase,

larger HMIs and greater [HMI]. The results in Chapter 3 and the discussion in Section 2.4,

show that and increase in [HMI] and system temperatures speeds up separation, therefore,

it is most likely an increase in viscosity caused by radiation degradation of the organic

ligand TBP causing the reduction of dispersion stability observed within this study.

The dispersions resulting from this investigation must remain stable for prolonged

periods. This will ensure that any separation that occurs during the P-TS investigations

is solely due to the P-TS and no other factors. As discussed, effective solvent extraction

requires dispersion stability over an adequate time period to allow for the desired mass

transfer to occur. Many of the static droplet factors discussed in Chapter 2 can be taken
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into consideration when trying to prolong dispersion stability such as, surfactant addition

or changing process temperature/viscosity.

Destabilisation of a dispersion is the process of a dispersion returning to two distinct,

immiscible phases. This can happen in four ways: Otswald ripening, aggregation, sedi-

mentation and coalescence. From literature17,69,117, it has been shown that coalescence,

discussed in Section 2.6, is the primary form of destabilisation. However, the other sec-

ondary forms of destabilisation are briefly discussed below.

Ostwald ripening is the process of diffusion of dispersed phase molecules through the

continuous phase117. This occurs due to a concentration difference of dispersed phase

molecules between larger and smaller droplet volumes. The concentration of molecules at

the interface of the droplet is inversely proportional to its radius of curvature; therefore,

smaller droplets have a higher proportion of molecules at the surface117. When a large

droplet comes into close proximity with a smaller droplet, this concentration gradient

causes the molecules in the interface of the smaller drop to diffuse through the continuous

phase and into the larger droplet. Over time it appears that the smaller droplet disappears,

and the large droplet grows with no collision event occurring. This process occurs very

slowly and is not usually the primary form of phase separation.

Aggregation, or flocculation, is the process of droplets touching but not coalescing17.

This interaction causes larger structures of individual droplets, not larger droplets over-

all. The droplets are attracted to each other by Van der Waals forces but stopped from

coalescing by repulsion forces of either electrostatic or steric repulsion17. Droplets are

held closely together while maintaining a thin film of continuous phase between them.

Flocculation is more likely to occur in colloidal or surfactant containing systems17,117.

The larger volume of the flocs, a group of droplets joined during flocculation, results in

increased sedimentation and coalescence rates.

Sedimention is the natural separation of droplets under gravity17, and is heavily influ-

enced by the other destabilisation methods. Separation by sedimentation follows Stokes

law17, Equation 1.2, and is governed by the density difference between the liquids. Over

time the dispersion separates into two separated continuous phases. This time period is
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determined by the density difference and the radius of the droplets within the dispersion.

Dispersions with larger radii droplets can separate in a time period of seconds. Whereas,

dispersions with smaller radii can form stable, creamed emulsions and can remain stable

for several hours. This separation can be seen in Figure 5.2.

a) b) c)

Figure 5.2: Settling behaviour of a 50:50 Aq:Org dispersion of water/kerosene produced
via high shear mixing for 10 minutes where; a is the separation time at t = 0, b at t = 6
hours, and c at t = 6 hours (alternative view)

Initially, Figure 5.2a, the entire solution was dispersed creating a white, creamed dis-

persion. After 6 hours the heavier, water layer had separated, reducing the volume of the

dispersed layer. From Figure 5.2c, it can be seen that a film of the creamed layer had

adhered to the glass of the conical flask giving the illusion of a thicker layer than what was

actually present. This adhesion is most probably due to contamination of the glassware

and was taken into consideration within the experimental methodology.

5.2.1.1 Methodology

All reagents used were 99% purity or higher from Fisher Scientific (Loughborough). All

water used is ultrapure, deionized water from a MilliQ by Millipore water purification

system (Millipore, Watford, UK). Between each experiment all glassware was thoroughly

decontaminated with Decon-90 and acetone and dried for an hour in a drying oven. Glass-

ware was left to cool to room temperature before beginning the experiment. This thorough

cleaning was required to avoid the adhesion observed within an initial test dispersion shown

in Figure 5.2c.
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A flask was fed with both organic and aqueous phases, then the dispersion was mixed

with a high shear mixer for 10 minutes. After 10 minutes the dispersion was transferred

into a measuring cylinder. The separation of the dispersion was recorded at 15 fps for an

hour, or until the dispersion had fully separated. This methodology is shown in Figure

5.3. The upper and lower phase boundary of all captured frames were tracked using image

processing software, AxioVision. A basic schematic of this process is shown in Figure 5.4.

Dispersion results between Figure 5.5 and Figure 5.10 show smoothed, average triplicate

data.

Light Source Di�user

To 
computer

Focusing optics 

 Camera

Test area

0 cm

25 cm

Figure 5.3: Dispersion recording experimental set up, the test area shows the area of the
measuring cylinder visible to the camera.
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Dispersion
band

Organic

Aqueous

Time 

Figure 5.4: Schematic image demonstrating the basic procedure followed by Axiovision
for dispersion band tracking
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5.2.1.2 Results and discussion

While process parameters were being determined, a less toxic, inexpensive water/kerosene

system was used. It was decided that this system would be used for preliminary tests

as it displays comparable properties and is more cost effective and sustainable than

TBP/Dodecane/acid mixtures. The parameters to be determined within these exper-

iments were the ideal speed of agitation and aqueous to organic ratio (Aq:Org). The

systems tested were 80:20, 70:30 and 50:50 Aq:Org, shown in Figures 5.5a to 5.5c. It was

found that the highest agitation rate created the greatest stability dispersion for all cases.

From Figure 5.5d, it is shown that the Aq:Org ratio does not effect the stability of the

dispersion over an extended time period. Parameters of 70:30 Aq:Org and highest agita-

tion rate (2000 RPM) were chosen. These parameters were chosen because they provide

the desired dispersion longevity and will provide a reduction in organic waste produced.

83



0 500 1000 1500 2000 2500 3000 3500
Time /s

0

50

100

150

200

250

H
ei

gh
t /

m
m

20% Kerosene 1000RPM
20% Kerosene 1500RPM
20% Kerosene 2000RPM

(a) 20 v% organic, variable agitation speeds.

0 1000 2000 3000 4000 5000 6000
Time /s

0

50

100

150

200

250

H
ei

gh
t /

m
m

30% Kerosene 1000RPM
30% Kerosene 1500RPM
30% Kerosene 2000RPM

(b) 30 v% organic, variable agitation speeds.
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(c) 50 v% organic, variable agitation speeds.
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Figure 5.5: Determination of process parameters, Organic:Aqueous ratio and agitation
speed (Aqueous - bold lines, Organic - grey lines).

An isolated droplet TBP/n-dodecane - nitric acid system was investigated within Chap-

ter 3 as this system is traditionally used within the nuclear reprocessing industry. Further

testing was required to investigate the bulk properties of system before use within the

P-TS efficiency investigations in Chapter 6. In Figure 5.6 it is shown that, regardless

of molarity or [HMI], the dispersion is not stable and separates within approximately 60

seconds as opposed to upwards of 30 minutes for the water/kerosene system.

Looking closer at the individual graphs within Figure 5.6, it can be seen that increasing

aqueous phase molarity and decreasing [HMI] decreased the dispersion stability (shown

in Figures 5.6a and 5.6b). This result is in correlation with the coalescence rate data

provided in Chapter 3. However, the slight increase observed in dispersion stability could
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lie within the error of the phase tracking software. Overall, the cerium containing systems

had the greatest dispersion stability, with 3 M Ce(NO3)3 maintaining a dispersion for the

longest, Figure 5.6d. This dispersion was only maintained for approximately 70 seconds.
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Figure 5.6: Dispersion stability for varying [HMI] and [H+]. The aqueous, lower dispersion
band is shown in bold, and the organic, upper band as grey lines.

From literature it was observed that the addition of surfactant sodium dodecyl sulfate

(SDS) can be used to prolong the stability of dispersions32,33. Surfactants, also known as

surface active agents, are long chain molecules with a hydrophilic head and hydrophobic

tail. They are added to solutions to stop the formation of aggregates or to stop molecules

from adhering to surfaces within a separation device41. Surfactants freely diffuse through

the liquid until caught at an interface. At the interface, the head is held in the aqueous

phase and the tail reaches out into the organic as shown in Figure 5.7a.
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Figure 5.7: Schematic of surfactant use at a droplet interface41.

The gathering of surfactant molecules on the interface lowers the interfacial tension,

therefore lowering the chance of droplet coalescence. This effect is only observed above a

critical point known as the critical micelle concentration41, CMC. The CMC is reached

when the interface is fully saturated with surfactant, after this the surfactant can be found

within the bulk, represented as a cluster of surfactant molecules in Figure 5.7. Figure 5.8

shows how the CMC must be reached in order to achieve a constant interfacial tension

reduction.

Surface tension

CMC Concentration in surfactants
(log scale)

Figure 5.8: Effect of achieving the critical micelle concentration on the interfacial tension
of a liquid41

As with temperature effects, surfactant effects can cause Marangoni convection within

a droplet41. If surfactant concentration is less than the CMC, the interfacial tension can

be determined experimentally using a methodology similar to that used in Section 3.2.1.
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The interfacial tension will be higher when surfactant concentration is lower than the

CMC as shown in Figure 5.7b.

To prolong the dispersion separation time of the nitric acid, cerium nitrate systems, 1

mL of concentration 1 g/L solution of SDS was added to each of the aqueous phases. This

amount was sufficient to reach the CMC.
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Figure 5.9: Improved dispersion stability for varying [HMI] concentration and [H+] with
the addition of SDS. The aqueous, lower dispersion band is shown in bold, and the organic,
upper band as grey lines.

It can be seen from Figure 5.9 that the addition of the surfactant increases separation

time, however, not to the extent required. In Figures 5.9a and 5.9c the effect of the

surfactant on dispersion stability is more prominent than it is for higher molarity systems,

as shown in Figures 5.9b and 5.9d. Again, although the change to the system improved

separation rates, increased dispersion stability, the increase still does not provide the
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dispersion longevity required for use within the P-TS investigations. A dispersion stability

greater than 30 minutes is required in order to conclude that separation within the P-TS

is due solely to the enhanced separation provided and not gravity separation.

The ideal outcome of the P-TS investigations would be to show the effect of interfacial

tension changes due to pH and [HMI] on separation efficiency. Therefore, it was concluded

that the characteristics of the aqueous phase could not be changed. However, as prelimi-

nary tests showed that an aqueous system with an organic kerosene phase created a stable

dispersion, a change in the organic phase was considered. The results of this are shown in

Figure 5.10.
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Figure 5.10: Comparison of dispersion stability between kerosene and TBP/n-dodecane
organic phases. The aqueous, lower dispersion band is shown in bold, and the organic,
upper band as grey lines

A change of organic phase to kerosene had a positive effect on the dispersion stability,
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Figure 5.10. The effect was more prominent in the higher pH systems, Figures 5.10b and

Figure 5.10d. No significant change for the lower [H+] and [HMI] systems was observed.

Although the change observed was positive, the dispersion separation rate remained below

two minutes.

To mimic this viscosity increase the straight chain n-dodecane organic diluent was

replaced with a branched chain dodecane, isododecane. Isododecane has a viscosity of

3.70mPa ·s, which is ≈ 2.5 × greater than the viscosity of dodecane at 25 ℃118. Although

this change provided a significant viscosity increase, the dispersion stability remained low

and separation occurred within 3 minutes.

Due to the results found within this investigation and as the primary scope of this

work is to develop an efficient separation device, the decision was made that a water-

kerosene system will be used for the remainder of the investigation. This decision was

made as a water-kerosene dispersion provides the desired stability longevity to ensure all

separation achieved is solely a result of the P-TS and not sedimentation or gravity settling.

Unfortunately, as a direct result of this decision, a study into the effect of [HMI] and [H+]

on the separation efficiency within the P-TS will not be completed within this thesis.

Further work with radiation degradation products of TBP would be required in order to

complete this secondary outcome.

5.2.2 Droplet size distribution analysis

The stability of a dispersion is inversely proportional to the size of the droplets within the

dispersion119. Emulsions are the most stable form of dispersion with droplet sizes ranging

between 0.2 - 50 µm. Droplets within this size range are often dominated by Brownian

motion29, remaining suspended as opposed to gravity settling. Droplets suspended in

this way are known as entrained droplets, and are difficult to separate in traditional

separation devices. Entrained droplets can be avoided by using low sheer pumping and

mixing equipment, however, in an industrial settling it is unlikely they can be avoided

completely.

Dispersion characteristics can be compared using a graphical representation of the
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number of droplets within a dispersion and their respective diameters known as a droplet

size distribution, DSD. Using the DSD, key parameters such as the mean and maxi-

mum/minimum diameters can be found, as shown in Figure 5.1129. Figures 5.11a and

b, show a decreasing average and maximum, d50 and dMAX droplet size after separation.

Figure 5.11c shows the minimum droplet size that can be 100% extracted by a separation

process, d100.

0 200 400

1.0

0.2

0.4

0.6

0.8

N
or

m
al

is
ed

 d
ro

pl
et

 o
cc

ur
an

ce

Droplet diameter / μm
0 200 400

1.0

0.2

0.4

0.6

0.8

N
or

m
al

is
ed

 d
ro

pl
et

 o
cc

ur
an

ce

Droplet diameter / μm

dXYdXY

d50 d50

dMAX dMAX

0 200 400

120

Re
m

ov
al

 e
�

ci
en

cy
 / 

%

Droplet diameter / μm

d100

80

60

40

20

100

a) b) c)

Figure 5.11: Schematic representation of typical parameters used to describe a dispersion
where a shows the Droplet size distribution before separation, b - Droplet size distribution
after separation, c - small droplet removal separation efficiency29

These parameters can be used to calculate commonly used mean values, d[3,2] and

d[4,3]. The Sauter mean diameter, d[3,2], is the ratio of volume to surface area providing an

numerical representation of the overall spread of a dispersion, and is most commonly used

in design procedures120. The DeBroukere mean, d[4,3] is the mean diameter over volume120.

These values are effectively the centres of gravity of the respective distributions and are

more accurate representations of dispersion characteristics than a traditional mean120.

Within the case of P-TS design an argument can be made to support the use of either

number as surface area and volume of the droplets will effect coalescence. With larger

volume droplets more likely to slow within the flow and capture smaller, entrained droplets;

and higher surface area, lower volume droplets providing a greater probability of a collision

event resulting in coalescence due to their increased speed of collision. A generic equation
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for the calculation of both d[3,2] and d[4,3] is provided121.

d[x,y] =
∑n
i=1Nid

x
i∑n

i=1Nid
y
i

(5.1)

where N is the number of droplets with diameter di 26,121

It was decided that d[3,2] was to be used as opposed to d[4,3] even though there is a

strong argument for the use of either within this application, as the use of d[3,2] is more

compatible with what will be produced within mass transfer studies in future work if the

P-TS is ever combined with a microfluidic mixing unit.

To determine the DSD upon entry and exit of the P-TS a technique for droplet size

analysis is required. Different approaches and techniques for this have been developed

over the past decade122. Many measurement techniques have been developed for measur-

ing size distributions using the prinicple of laser backscattering, such as Focused Beam

Reflectance Measurement (FBRM)122. However, primarily these techniques were devel-

oped for in-situ particle size measurements as opposed to droplet sizing. A review by Maaß

et al,122 found that laser backscattering is not feasible for droplet size measurements. The

review compared the FBRM, two-dimensional optical reflectance measurement (2D-OFM)

techniques and the fiber optical Forward-backward ratio (FBR) sensor to an in-situ photo-

based endoscope. The dispersion tested was an immiscible water/toluene system. Each

technique was required to measured the DSD of the system within a stirred tank reactor.

It was found that for all three techniques, not only the size analysis but also the change

in size over time gave unreliable results. As the techniques tested use the principle of

laser backscattering to determine droplet size, the overall conclusion of the review was

that the laser backscattering measurement principle cannot accurately be used for the

online measurement of DSD122. Different reasons for this discrepancy in results have been

suggested. One is that laser backscattering is not effective on a perfectly smooth shapes,

as particles, unlike droplets, has a surface roughness value. However the most accepted

explanation for the discrepancy is, the laser measurement techniques often measure the

chord length distribution (CLD) as opposed to the actual droplet diameter distribution.
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For spherical droplets the chord length is often significantly shorter than the droplet di-

ameter. It is difficult to transform CLD data into a droplet size distribution. Models

have been published to transform this data based on complete dispersions of perfectly

spherical droplets, however, large errors are often found when comparing to results from

experimental tests. Greaves et al.123 found that FBRM underestimated the droplet size

distribution for an emulsion. Boxall et al.124 corrobrate this result, finding similar when

measuring a dispersion of water in crude oil. Maaß et al.122 state in their conclusions

that direct photography still remains the most trustworthy technique for droplet diameter

measurements.

Although direct photography and droplet counting have been reported as the most

accurate methods for finding DSDs, there are many factors that must be considered when

using these techniques. First, the camera used must have the correct focal range to give

a high enough definition image at the correct magnification122. Next, the positioning of

the camera must remain constant for all measurements as to not alter calibration between

experiments. Once the camera is positioned, lighting of the frame must take into account

reflections into the lens and potential loss of data in shadowed areas. Finally, the shutter

speed of the camera must be adjusted to avoid blurred images of the travelling droplets.

Three types of images were required to gain a true visual representation of the dispersion

and flow characteristics within the P-TS. An overall image of the entire plate was required

to see macroscopic flow structures. A microscopic view of three locations within the P-TS

was required to show how the DSDs change along the plate length; and finally, a high

magnification static image of the inlet and outlet dispersions was required to measure

overall entrainment. Once image requirements were defined, the camera requirements

and positioning could be set. Imaging locations are shown in Figure 5.12. Figure 5.12

shows the camera holder specifically designed to allow for perpendicular positioning of the

cameras. Camera details are provided in Table 5.1.

Four 7 inch, white LED lighting panels with diffusers were located around the camera

holder. Each lighting panel is adjustable by height, angle, brightness and lighting tem-

perature. The lighting panels were adjusted iteratively by comparing the unedited images
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Figure 5.12: Camera Locations for droplet and overall plate views. The yellow represents
cameras in location 1, focusing on droplet travel from the inlet, through the centre and
finishing at the outlet. The blue represents the camera in location 2, capturing the bulk
flow pattern. Circles in location 3 represent external droplet analysis of inlet and aqueous
outlet.

with a threshold image to achieve optimal contrast. When the threshold image matched

the unedited image the lighting was taken as correct. An example of this comparison is

shown in Figure 5.13.

In Figure 5.13, some discrepancy can been seen between the threshold and raw image

as indicated by the red circle. This discrepancy is the removal of an air bubble from the

threshold image; removal of air bubbles was achieved by varying the threshold level to
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only include the aqueous flow.

Table 5.1: Full camera details. Camera locations are shown in Figure 5.12

Camera
Location Model Resolution

/ Megapixel
Working Distance

/ cm Magnification

1 Dino-Lite
AM4115TL 1.3 4 - 15 10 - 140x

digital zoom

2 Oneplus One
Smartphone camera 13 - 1

3 Long working distance
objective lens* - 20 10x

optical zoom

a)

b)

Figure 5.13: Example of threshold achieved with final lighting set-up. a) shows an unedit-
ing image of the coalescer and b) the final threshold.

5.3 Summary

An investigation was undertaken to ensure a long lasting dispersion could be consistently

be made. It was found that a 20 v% kerosene water dispersion, agitated at 2000 RPM

provided the ideal dispersion behaviour.

Different methodologies for droplet tracking were considered with simple, visual tech-

niques being found most appropriate. Stages of work to ensure consistent lighting, focus

and threshold detail was undertaken. This stage was an iterative and highly necessary

process. The outcome of this iterative process is unique to the lighting conditions at the

experiment location, individuals looking to recreate this data will have to ensure this stage

is completed.
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CHAPTER 6
Effect of Plate Spacing on the Separation Efficiency of L-L

Dispersions within a P-TS

The aim of this chapter is to find the effect of reducing confinement conditions within the

P-TS on separation efficiency.

Using the methodologies developed in Chapter 5, plate spacing ranging between 50-

1200µm are investigated for volumetric flow rates of 1, 3, and 5 mL/min. The DSD and

separation efficiency of each plate spacing and flow rate configuration are recorded. The

overall outcome of this chapter is to create baseline results for direct comparison within

Chapter 7, and to find the point at which confinement no longer occurs and the increased

separation efficiency within the P-TS is reduced.

6.1 Final Methodology

The following methodology was used for all investigations, including plate spacing, tex-

tured plates and surface treatment investigations, in Chapter 7. Methodologies for tex-

tured and hydro-treated plates may differ slightly from what is described here, however,

this will be described and labelled accordingly within the individual investigation.

All reagents used were 99% purity or higher from Fisher Scientific (Loughborough).

All water used is ultra pure, deionized water from a MilliQ by Millipore water purification

system (Millipore, Watford, UK). 1mL of a 1 g/L SDS solution was added to the aqueous,

water phase and gently mixed for 2 minutes. A small amount (< 1 g) of Sudan blue,

organic dye, was introduced to the organic, kerosene phase and gently mixed until the

solid was dissolved. Organic dye was used to enhance contrast between phases to improve

visual detection of droplets.

Dispersions were produced in accordance with Section 5.2.1. A 250mL, 70:30 Aq:Org

water-kerosene dispersion was produced by high sheer, overhead mixing at 2000RPM

for 10minutes. After mixing, the dispersion was left to settle for a further 10 minutes
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and four samples taken. First, two drops of dispersion from a 1mL glass pipette were

dropped onto a microscope slide and covered with cover sheet. This small sample was

used with the long working distance objective lens in camera position 3 (Section 5.2.2)

to find the inlet DSD. Next, a 10mL sample was taken and centrifuged to find the exact

volume ratio of the dispersion. The proportion of organic is taken as the value, a, to

be used within the mass balance calculations outlined below in Section 6.1.1. Finally,

two 20mL samples were taken into separate syringes, and the first attached to a syringe

pump. This sample was introduced to the empty investigation-specific P-TS configuration

at the desired volumetric flow rate. No results were taken from the first 20mL sample.

A second, dispersion-full syringe was introduced via the syringe pump, to the now P-TS

configuration at the desired volumetric flow rate. This two stage process was required

to ensure that the separation occurred at steady state. This two step process could be

replaced by one large syringe, however, this was not feasible with the equipment used

within this investigation. Overall and point specific images were taken for DSD analysis

at camera positions 1 and 2, in accordance with Figure 5.12 from Section 5.2.2. These

images were only taken for the second sample once steady state was achieved. A table

(Table 6.1) is provided to denote the investigation-specific parameters used within the

three design optimisation investigations.

Inlet Organic
Outlet

Biphasic
Outlet

Figure 6.1: Example of the inlet dispersion, allowed to settle for 1 hour, and the organic
and biphasic outlets

Post separation, the volume of clear organic phase, see Figure 6.1, was recorded and
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taken as Volorg,out to be used in Section 6.1.1 below. As previously done with the inlet

DSD, a two drop sample of from a 1mL glass pipette of the biphasic outlet was placed

onto a microscope slide and covered with a cover sheet; this small sample was used to

find the outlet DSD using the methodology described in 6.2.2. The remaining volume of

the biphasic outlet (Volmix) was centrifuged at 7000RPM for 10minutes to ensure phase

separation. The centrifuged sample was carefully introduced into a 10mL pipette with

an error of ± 0.02mL. Deionised water was used to rinse the centrifuge tube to ensure

all organic is transferred to the pipette. The volume of entrained organic recorded as

Volorg,ent below in Section 6.1.1.

Table 6.1: Investigation-specific plate configurations and flow rates. Note that SS* repre-
sents non-textured, non-treated stainless steel.

Chapter Upper Plate Material Lower Plate Material Flow rate/s
(mL/min)

Plate Spacings
(µm)

6 PMMA SS* 1 50, 100, 200, 300,
400, 500, 600, 1200

PMMA SS* 3, 5 50, 200, 600, 1200

PMMA SS - Straight texture
(SS-S) 1, 3, 5 50, 200, 600, 1200

PMMA SS - Crosshatch
(SS-C) 1, 3, 5 50, 200, 600, 1200

7.1
PMMA SS - Straight to Outlet

(SS-StO) 1, 3, 5 50, 200, 600, 1200

SS* SS* 3 50
SS* SS-StO 3 50

Treated-SS (T-SS) SS* 3 507.2

T-SS SS-StO 3 50

6.1.1 Mass balance

A simple mass balance, shown in Figure 6.2, was used to aid in the calculation of separation

efficiency and entrainment extent.

The volume of the organic and aqueous phases into the P-TS is determined using Equa-

tion 6.1. The value of a was determined by centrifuging a sample of the inlet dispersion,

the procedure for which is described in Section 6.1. The values of V olin are known.

F1 = V olin = V olorg,in + V olaq,in = [aV olin] + [(1− a)V olin] (6.1)
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Figure 6.2: Simple mass balance across a P-TS where F1 is the dispersion inlet, F2 is the
organic outlet and F3 the aqueous outlet and F1 = F2 + F3

The volume of organic out of the P-TS is split between streams F2 (V olorg,out) and

F3 (V olorg,ent), the total volume is calculated in Equation 6.2. The error included within

Equation 6.2 considers any volume remaining within the P-TS itself and is calculated using

Equation 6.4. The values for Volorg,out and Volorg,ent are found experimentally following

the methodology in Section 6.1.

F2 = V olorg,out + V olorg,ent + a(error) (6.2)

The aqueous phase out of the reactor is only found in stream F3 and is calculated

using Equation 6.3. The volume of aqueous cannot be directly measured experimentally

as water is used to rinse glassware to ensure all entrained organic is accounted for and

to reduce experimental error. However, the volume of the biphasic mixture out (V olmix)

is first measured before any rinse water is added; the procedure for this measurement is

shown in Section 6.1. The error within Equation 6.3 is the same as the error in Equation

6.2 and is calculated using Equation 6.4.

F3 = V olmix = V olorg,ent + V olaq,out + [(1− a)error] (6.3)

error = V olin − V olorg,out − V olmix (6.4)

The results of the above mass balance are used to calculate the separation efficiency

of the P-TS, Equation 6.5, and the percentage of entrained organic within the biphasic
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outlet, %Orgent, in Equation 6.6.

%Efficiency = [ V olOrg,out
V olin + (a ∗ error) ] ∗ 100 (6.5)

%Orgent = [V olorg,ent
V olmix

] ∗ 100 (6.6)

All experiments were completely in triplicate and the averages of the three separation

efficiencies and extents of entrainment are reported within section 6.2.

6.2 Results and Discussion
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Figure 6.3: SS* plate efficiency.

Figure 6.3 shows a clear reduction in separation efficiency as the volumetric flow rate

is increased. The average decrease that occurs is ≈ 10% at each plate spacing when the

flow rate is increased by 2mL/min, i.e from 1mL/min to 3mL/min up to 5mL/min. It

can also be seen that the relationship between plate spacing and efficiency of separation is

non-linear for all flow rates examined. It was found that the data was best fitted against
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a logistic function or "S-curve" using the formula125:

f(x) = L

1 + e−k(x−x0) (6.7)

where L is maximum difference between y-axis values, k the steepness of the curve and x0

the x-value of the midpoint. The location of L and k are shown for the 1mL/min system

in Figure 6.4.
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Figure 6.4: Annotated SS* plate efficiency for a 1mL/min volumetric flow rate, showing
the location of fitting parameters.

From the shape of the data, and the strength of the fitting (R-squared values), it can be

confirmed that separation efficiency gradually deteriorates with increasing plate spacing

until a spacing of between 200 - 300µm. After this position, and until ≈ 600µm, the

rate of separation efficiency deterioration greatly increases. After this 600µm position,

the rate of change in separation efficiency decreases again into a plateau. This plateau

remained stable until the largest plate spacing tested 1200µm. The separation efficiency

beyond this point was not considered, however, it is assumed that at a much larger plate

spacing, the efficiency plateau will begin to reduce again, continuing to drop and tend

towards zero.
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Within this application of the Equation 6.2, the value of L , shown in Figure 6.4,

can be considered as the total efficiency decrease between 50µm and 1200µm. With the

1mL/min systems reducing by 21.9% between over this range. To further understand

the data, the gradient of the fitted decline can be considered. Within this application the

gradient of the decline, k can be considered as the rate of change of separation efficiency

with plate spacing, as shown in Figure 6.4. The value of this provided by the curve fitting

is 4×10−2 %/µm.

The same values as above can be inferred by fitting an S-curve relationship to experi-

mental values for 3 and 5mL/min systems, as shown in Figure 6.3. The total deterioration

of separation efficiency (L)observed for 3 and 5mL/min systems are 21.5%, and 26.8%

respectively. Overall, considering all three systems tested, the total deterioration in sepa-

ration efficiency remains stable between the volumetric flow increase from 1 to 3mL/min,

however, decreases at the flow rate is further increased up to 5mL/min. This could be

due to increased droplet break-up at the increased rate of flow or a reduction in coales-

cence due to the reduction of time within the reactor. Conclusive evidence of which is

more dominant cannot be made without considering the outlet DSD, this discussion is

continued in Section 6.2.3.

The rate of reduction in efficiency with increased plate spacing between ≈ 300 and

600µm, shown as k in Figure 6.4, was found to be 3.4×10−2 and 3.1×10−2 %/µm, for

3 and 5mL/min systems respectively. This data is inferred from the S-curve fitted to

experimental data, as the strength of the fitted data has an R-squared > 0.998 for both

3 and 5mL/min. However, it is understood that the relationship may not exactly follow

this trend as experimental data is not provided for these plate spacings. Considering

the inferred relationship for the k values, it could be suggested that the rate of change of

separation efficiency deterioration with plate spacing slows as flow rate increases. However,

it is more likely that higher separation efficiencies can be achieved at larger plate spacing

for lower flow rates, e.g. the efficiency drop-off position for a 1mL/min volumetric flow

rate occurs at a higher plate spacings than it does for 5mL/min. This hypothesis is

supported by comparing the overall separation drop between 50 and 200µm; overall the
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efficiency decrease between these heights at 1mL/min is 1.03% in comparison for 3.6%

and 6.5% for 3 and 5mL/min. The methodology of this calculation for the 1mL/min

system is shown in green in the inset of Figure 6.4, the same methodology was used to

calculate the 3 and 5mL/min values.
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Figure 6.5: SS* percentage of aqueous entrained

This trend can also be observed when investigating the variation in the magnitude of

entrained organic found in the aqueous outlet with plate spacing, as shown in Figure 6.5.

As with the separation efficiency data, an S-curve could be fitted with strong agreement

for lower flow rates. A linear fitting, shown as a dashed line Figure 6.5, provided a greater

value of R-squared for 5mL/min, suggesting that the strength of the relationship found

reduces with plate spacing, to confirm this more data points would be required. Comparing

the relationship between droplet entrainment within the aqueous outlet and plate spacing,

it is clear to see that as plate spacing increases so does the value of droplet entrainment,

which is also supported by the reduction in separation efficiency. Looking into the effect

of flow rate on this relationship, the curve fitting parameters can again be compared. The

overall entrainment increase, L in Equation 6.2, observed at 1 mL/min is 14.9%. This

trend steadily increases to 15.4% for 3mL/min and 16.4% for 5mL/min. This increase
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mimics the L values observed within the separation efficiency data, therefore, confirming

that as separation efficiency decreases, the volume of organic within the biphasic outlet

increases.

The gradient term, k from Equation 6.2, for the entrainment study is analogous to

the increase of percentage entrainment with plate spacing. When comparing the gradient

change between 50µm and 200µm, it is found that the rate of change of entrainment with

plate spacing is higher at 5mL/min, which has a gradient change of 1.8×10−2 %/µm in

comparison to 1.5×10−2 %/µm for 1mL/min (based on the linear fitting for 5mL/min).

Looking at the effect at larger plate spacings, this trend switches and gradient values

between plate spacings 200µm and 600µm increases faster for 1mL/min with a gradient of

2.2×10−2 %/µm in comparison to 7.8×10−3 %/µm at 5mL/min. This, again, is in support

of what was observed within the separation efficiency investigations. The relationships

discussed between entrainment and separation efficiency with increasing plate spacing will

need to be taken into account when designing the P-TS for an industrial flow sheet. As

discussed in Chapter 3, the ease of which droplets will coalescence is effected by changes

in pH, [HMI] and the v% of ligand within the organic phase. For systems with fast

coalescence rates, i.e. a high concentration HMI system could be separated to the desired

extent with a larger plate spacing and higher volumetric flow rate. Whereas, in a dilute

HMI system i.e. towards the back end of the extraction flow sheet, a smaller plate spacing

and lower flow rate may be necessary to achieve the desired separation.

Comparing the two data sets together, it can be concluded that at low plate spac-

ings the separation efficiency increases and therefore, droplet entrainment is reduced. For

higher flow rates, separation efficiency is initially reduced (at low plate spacings) how-

ever, the rate of deterioration of separation efficiency with plate spacing reduces for lower

volumetric flow rates. Confinement theory, described in Section 4.1, suggests that the

increased separation efficiency due to the microfluidic nature of a device is only apparent

when confinement is greater than 0.282. Figure 6.6, clearly shows the position at which

confinement is reached within this system.

From Figure 6.6, we can confirm that there is a rapid decrease in separation efficiency
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Figure 6.6: Effect of confinement on separation efficiency

for all systems tested as plate spacing is increased to outside of confinement conditions

(< 0.2, ≈, > 300 µm). Whereas, increasing confinement conditions beyond 0.2 has a

negligible effect on the separation efficiency. When considering this negligible change

in terms of confinement, it is concluded that the separation efficiency increase achieved

through increasing the confinement (reducing plate spacing) is not a sufficiently high

enough gain to offset the large increase in pressure and loss of volumetric throughput

experienced.

6.2.1 Comparison to gravity separation

The reasoning behind this research is to find an efficient method of separation in com-

parison to industry standards. Figure 6.7 showns a comparison between the separation

efficiencies found for the P-TS and the separation extent of a gravity separating system.

Both figures show the separation of 30% kerosene/water dispersion. The data in Figure

6.7 was prepared and recorded using the mixing methodology discussed in Section 5.2.1
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and the separation extent calculated using:

Separation extent = 100−
(
Height of dispersion

Total height
∗ 100

)
(6.8)

where the height or dispersion and total height are indicated in the Figure 6.7b inset.

The bulk separation time calculated for Figure 6.7a was calculated using

Separation time = V olume of P − TS
V olumetric flow rate

(6.9)

This is not being used as the true residence time of the P-TS as a residence time distribu-

tion (RTD) was not recorded. In comparison to literature, the bulk separation time used

within this study will be a slightly under estimatation of residence time, as literature has

found the droplets tend to travel at the same rate as the bulk31,35. Bulk separation time

is used as a value to indicate the time the bulk flow is within the P-TS.

It is noted that as the reactor volume change within this investigation is achieved

through increasing the channel height as opposed to the channel length, the data shown in

Figure 6.7a is not as traditionally expected. Here it is seen that, the separation efficiency

decreases with increased time within the reactor. This is due to the loss in wall effects

and confinement experienced when the channel height and therefore reactor volume is

increased.
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Figure 6.7: Comparison of separation time for P-TS and gravity separating systems
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It can be seen in Figure 6.7b, that the dispersion separation rate is initially fast,

reaching approx 60% separation in 1000 seconds (16 minutes), however, after this time

the rate begins to a plateau. The separation increase over the next 60 minutes is 23%.

The separation continued for several hours (not recorded) with a reducing rate. Often

a thin dense layer of dispersion remained 24 hours later. Comparing the data in Figure

6.7b with that of Figure 6.7a, it can be seen that the gravity settled separation efficiency

achieved within 60minutes (78%). Using Figure 6.3, it was found that an equivalent

78% separation efficiency can be achieved within a ≈ 330µm P-TS at 1 mL/min. The

separation time with this configuration P-TS to achieve 78% was ≈ 160 s. In this case,

the P-TS is 95% faster than gravity settling.

The fastest separation time investigated with the P-TS was 4.4 s with a flow rate of

5 mL/min and plate spacing of 50µm. Under these conditions, a separation efficiency of

65% was achieved, this is considered a substantial achievement due to the speed of the

separation. Under gravity settling conditions the same separation extent took≈ 30minutes

resulting in an improvement of 409×. A comparison between the most efficient separation,

83.8% achieved at a 50µm plate spacing and 1mL/min, was made by extrapolating the

data shown in Figure 6.7b. Under gravity separation conditions, 83.8% was achieved in

≈ 6200 s. The same separation efficiency within the P-TS had a bulk separation time of

66 s, this is a 98.9% improvement in comparison to gravity separation.

6.2.2 Droplet size distribution methodology

With the aid of Dr. Keeley (University of Leeds, School of Electronic and Electrical

Engineering) a MATLAB script was written to streamline the droplet counting process.

The script was verified via manual droplet counting. The methodology used to create this

script is described below.

The script first sets a known circle radius, then loops though different intensity thresh-

old levels to find all circles/droplets with an equal radius to what was previously set. This

process is completed using the imfindcircle function. The centre x-y coordinates and ra-

dius for all droplets with the corresponding radius are found and recorded. This procedure
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is repeated for increasing droplet radii, where the maximum droplet radius was set much

higher than the expected max so that no droplets are missed.

a) b)

Figure 6.8: Development of droplet counting code a) droplets identified after initial pro-
cessing loop. b) Final identified droplets

The result of the first stage of iterations is the known x-y location of the centre of

all droplets and the corresponding radius from all threshold intensities. As some droplets

will appear in multiple threshold intensities, repeats must be removed. This is achieved

by rounding the centre locations to integer numbers of pixels to avoid sub-pixel difference

caused by thresholding. Next droplets with identical x-y locations and radii are counted

as one, removing droplets found in multiple thresholds. The results at end of this process

are shown in Figure 6.8a.

After this initial stage, it was found that the frequency of droplet occurrence was

higher than the actual value. Viewing the visual output from the code, Figure 6.8a, it was

found that often the same droplet was found for multiple radii depending on the threshold

level and further processing was required. To address this, a second processing loop was

included to remove these droplets.

Droplet radii are sorted from largest to smallest, and the largest droplet added to a list

of unique droplets. The remaining droplets are now checked to see if the droplet center

is within the radius of all larger droplets in the new unique list, if the droplet does not

overlap with any larger bubbles (in the unique list), it is recorded to the list of unique

107



droplets. This processing loop is ended after all droplets are checked and the results of

this are shown in Figure 6.8b.

It was found that when comparing the results of multiple different systems with manual

droplet counting using the software packed ImageJ, excellent corroboration between DSDs

was found. A limitation of this code is that only circular droplets are counted and therefore

non-circular droplets within the flow, such as slugs or elongated flow structures are not

included in the final DSD. A further limitation of the code is that only droplets in focus

will be counted. However, if the cameras are well calibrated this should not prove to be

an issue as the focal plane of all images will be equal.

The output of the MATLAB script is an individual DSD. These have been combined

to make Figure 6.9.

6.2.3 Effect of plate spacing on DSD

The effect of plate spacing on the droplet environment within the plate is still yet to be

defined. Figure 6.9 shows the average DSD of the biphasic outlet at each plate spacing, and

the average inlet of all tests. The average inlet, Inlet*, of all tests is used throughout this

thesis as a comparison to outlet and other location DSD. In was chosen that Inlet* would

be used as a direct comparison between different systems and, as excellent correlation

between inlet dispersions was achieved. The flow rate used to produce Figure 6.9 is

1mL/min, other flow rates are not shown as the affect of flow rate on droplet distribution

is discussed in further detail in Section 7.1, however, there was a strong correlation of

trends between the different flow rates tested.

From Figure 6.9 it can be seen that overall the frequency of droplet occurrence decreases

with plate spacing, as supported by trends within the entrainment data shown in Figure

6.5. A decrease in plate spacing can also be seen to cause a decrease in the overall size

and spread of droplet diameters within the outlet, shown in Figures 6.10a and b. In

Figure 6.10a, the data span of the distribution was calculated by finding the width of

the distribution at a droplet diameter 70% less that the dmax, this position was chosen

so the data span was not effected by the noise within the lower diameter data. A linear
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Figure 6.9: Comparison of plate spacing and droplet size distribution SS* (1mL/min)

relationship between the spread of the data with increased plate spacing was found. Figure

6.10b, also shows a general increase of d[3, 2] with plate spacing.
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(a) Spread of DSDs 70% less than the dmax for
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(b) Variation of d[3,2] with increasing plate
spacing for a 1mL/min flow rate

Figure 6.10: Effect of plate spacing on the outlet droplet size distributions of a 1mL/min
system

In Section 4, it is discussed that the Peclet (Pe) and capillary (Ca) numbers can

be used to determine the type of coalescence occurring and the likelihood of a droplet

coalescencing within a flowing system, respectively. Using the equations within Section
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4, and d[3,2] values, Peclet and capillary numbers can be calculated for the different plate

spacings and flow rates, and are shown in Figures 6.11 and 6.12. The critical capillary

number was estimated by using be p and pcrit term in Equation 4.4.

In Section 4 it was discussed that when Pe >> 1, then flow-driven coalescence is

dominant. It was found that the Pe number is greater than 1 for all flow rates and plate

spacing, therefore a flow driven coalescence model is confirmed. The only variable factor

within the Pe number formula, Equation 4.1 in Chapter 4, is the hydraulic diameter, dh,

which only varies by the height of the channel. Figure 6.11 shows the effect of reducing

confinement on the Pe number. The value of Pe = 1 is shown in green. The constants

used in the calculation of these values are provided in the nomenclature.

0 200 400 600 800 1000 1200
Plate Spacing ( m)

0

50

100

150

200

250

Pe
cl

et
 N

um
be

r

1 mL/min
3 mL/min
5 mL/min

100 150 200
0

5

10

Figure 6.11: Use of Peclet number to determine coalescence model for various plate spac-
ings and flow rates

It can be seen that at lower plate spacings the coalescence model tends towards a

diffusion driven model as opposed to flow-driven. This trend is understandable as droplets

have less space to occupy in confinement and are therefore forced together. It could be

proposed that the high separation efficiencies within the P-TS are due to the coalescence of

flowing droplets within the static droplet regime. However, if this were true the separation
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efficiency achieved at 50µm and 5mL/min would be highest. Therefore, droplets at higher

flow rates, when the Pe ≈ 1, experience greater droplet break-up than those at lower flow

rates.

As Pe is greater than 1 for all cases, the relationship between droplet coalescence

and break up can be determined by the relationship between Ca and Cacrit, with droplet

break up occurring more frequently as Ca moves towards Cacrit, shown in green in Figure

6.12a. It can be seen that the value of Ca gets closer to Cacrit as the plate spacing is

decreased, which is due to the increased shear rate experienced in confinement. The shear

rates within the study are in the range of 1×10+3 this is comparable to those found by

Chen et al. with a similar P-TS configuration33.
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Figure 6.12: Variation of Capillary number with plate spacing and superficial velocity

Although the relationship between plate spacing and Ca has yet to be discussed in

literature, Chen et al.33 found a linear relationship between Ca and increasing superficial

velocity. In Figure 6.12b, it is shown that the same relationship was observed within this

investigation.
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6.3 Conclusions

Within this investigation it was confirmed that the P-TS is a highly efficient method for

the separation of fine droplet immiscible dispersions.

The efficiency of separation is greater in highly confined situations (lower plate spac-

ings) and lower flow rates. As plate spacing is expanded, a non-linear reduction in separa-

tion efficiency is observed for all flow rates. The point at separation efficiency deterioration

increases with plate spacing occurs at higher plate spacings for reduced flow rates. There-

fore, low flow rate systems maintain the ideal, confined separation conditions at higher

plate spacings than higher flow rates.

It can be concluded that the separation times and separation efficiencies achieved are

significant improvements to gravity separation of the same dispersion. With the fastest

separation time providing a 409× improvement and the shortest separation time a 98.9%

improvement. The increased separation efficiency is the direct result of confined, wall

effects within the P-TS.
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CHAPTER 7
Application of Physical and Chemical Surface Variations on

the Separation Efficiency of L-L dispersions within a P-TS

There are two overall aims for the work within this chapter. First, the effect of introducing

surface textures into the reduced confinement conditions experienced within the P-TS on

separation efficiency is investigated. Using the methodologies developed in Section 6.1,

plate spacings ranging between 150-1300µm are investigated for flow rates of 1, 3, and 5

mL/min on three different plate textures, shown in Table 6.1. Plate spacings are increased

to allow for the 100µm texture height. The DSD and separation efficiency of each plate

spacing, flow rate and texture configuration are recorded. The results of this investigation

are compared to those found in Chapter 6.

Following from this, the plate configuration with the most potential is investigated

further, by looking into the effect of replacing the upper PMMA plate with SS and a

hydrophobic coated stainless steel (T-SS). The overall outcome of this chapter is the final

design of an optimised P-TS constructed in industry appropriate materials.

7.1 Textured Plates

From reviewing current literature on the P-TS in Section 1.4, it was concluded that exten-

sive work had been undertaken to find the effect of plate geometry on separation efficiency

within a P-TS device. This work covered the effect of plate spacing (over a shorter range

than what is covered within this thesis)31,32, plate length and plate width35. For this

reason it was decided that rather than alter the geometry of the plate as before, textures

would be applied to the surface to introduce slight turbulence and promote the potential

break up of emulsions formed during dispersion creation.
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7.1.1 Formation of droplet structures within reducing confinement

Within the tests completed in Chapter 6, it was observed that in high confinement, thin

flow structures were formed, as shown in Figure 7.1. These structures grew in length and

width with increased plate spacing. To determine a quantitative result from these images

a MATLAB script was written to count the number of interfaces in a 1Pixel slice of the

reactor. Examples of this procedure are shown in Figure 7.2. Within this chapter, the

interface is a macroscopic term considering the bulk flow. The definitions of interface

should be considered as the outline of a slug, between the aqueous and organic phases.

100 µm 

1200 µm 

400 µm 

200 µm 

Figure 7.1: Bulk slug flow showing a visual change in flow behaviour with increasing plate
spacing.

19
14

10

Figure 7.2: Examples of interface counting followed to determine a numeric value for
change of flow behaviour with plate spacing. Each red dot represents a counted interface.
Using MATLAB this process was repeated for 1Pixel slices of the reactor.

Following this procedure, the results showed high correlation to the threshold image
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as shown in Figure 7.3, which shows that the number of interfaces decreases at a length of

≈ 8 cm, when the density of white flow structures is at its lowest. The results from three

experiments at three different plate spacings are shown in Figure 7.4.
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Figure 7.3: Comparison of the number is interfaces across the width of the flow channel
for a 50µm plate spacing, where a,b and c represent three separate experiments

In Figure 7.4, it can be seen that as plate spacing increases the overall reduction of the

number of interfaces decreases and by 400µm the interface number across the width of the

plate remains stable for the entire length. Relating this back to what is now known about

the relationship between plate spacing and separation efficiency, it is apparent that an

increased number of interfaces increases the extent of separation. This is most probably

due to a reduction in distance a droplet has to travel before reaching its ’like’ phase. For

example, consider two slugs travelling at equal bulk velocity one in a 50µm channel and

the other in a 400µm. A droplet within the centre of the larger, 400µm slug has a greater

lateral distance to travel before reaching its ’like’ phase to coalesce.

From Figure 7.4 a clear decrease in the number of interactions across the width of the

channel in the first 8 cm is apparent for only the 50µm plate spacing. It is assumed this is

due to the break-up of droplets with a diameter greater than the plate spacing upon entry
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Figure 7.4: Comparison between number of interfaces across the width of the channel for
increasing plate spacings

to the P-TS and sudden increase of pressure. As these droplets coalescence, the width

of the slugs increases, until the steady state observed after then ≈ 8 cm length. Droplets

entering the 200µm spacing feel a much lower pressure increase due to the increase in

cross-sectional areas, and do not have this sudden break up. To investigate this further

the DSDs taken at entry, centre and outlet positions, as shown in Figure 5.12, can be

compared.

It can be seen that in Figure 7.5a, the inlet DSD dispersion is higher than those seen in

Figures 7.5b and c. This reduction in droplet coalescence supports the hypothesis proposed

above, confirming that the large reduction in the number of interactions across the width

of the plate in the first 8 cm at 50µm is due to an increase of droplet break up as a result

of high confinement and the resulting an increase in pressure. It should be noted that

the DSD recorded in the spot camera locations, location 1 in Figure 5.12, will not be as

accurate as the stationary inlet and outlet images (camera location 3 in Figure 5.12) due

to a blurring or ’halo effect’ around the flowing droplets caused by droplet elongation due

to wall effects. Therefore the droplet counting code described in Section 6.8 will report
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lower values than the true reading. This limitation predominately occurs above a plate

spacing of 200µm, as multiple layers of droplets are being recorded as the inlet DSD is

less than the plate spacing. This is shown in the insert in Figure 7.5c
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Figure 7.5: DSD for spot location analysis as shown by camera location 2 in Figure 5.12
for increasing plate spacings

As it was found that spot location analysis had reduced accuracy above a plate spacing

of 200µm, DSD for spacings above this value will not be discussed. Although multiple

droplet layers were observed within the 200µm plate spacing, manual droplet counting

provided verification of the DSD produced using the droplet counting script. It was con-

cluded that when the number of droplet layers increased above two the reduced accuracy

occurred.

Figure 7.6 was produced to shown the relationship between the DSD of different plate
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spacings at the three locations investigated. It can seen that at the inlet of the P-TS,

Figure 7.6a, the overall droplet size is higher for smaller plate spacings and the overall

number of droplets is larger. This again supports that at lower plate spacings droplet

break-up is higher within the initial 8 cm. However, comparing both inlet DSD there is

an overall reduction in the droplet diameter in comparison to the average inlet*, therefore

suggesting that inlet droplet-break up occurs for all confined plate spacings (50 - 300µm

as indicated by Figure 6.6), with the magnitude of the effect increasing with increased

confinement. Further down the plate the DSD produced at the centre, Figure 7.6b, shows

the lower plate spacing droplet diameter and frequency has reduced in comparison to the

200µm. Figure 7.6b also shows that coalescence has occurred between the inlet and centre

locations as indicated by the reduction of droplet frequency in comparison to the average

inlet. Greater coalescence has occurred for the lower plate spacing. Finally, reviewing the

data provided in Figure 7.6c, retrieved from the outlet location, significant coalescence

has occured in both cases as droplet frequency has reduced. The data also shows that

the majority of coalescence achieved was of larger droplet diameters, indicated by the

reduction in droplet diameters.

A discrepancy can be seen between the two outlet camera locations (shown as locations

1 and 3 in Figure 5.12). The solid line plotted on Figure 7.6c is the static outlet DSD

recorded in camera location 3, for a 200µm plate spacing, shown as Outlet* in the figure

legend. This discrepancy is thought to be the result of the coalescence of larger droplets

occurring in the time from the spot analysis outlet location and final DSD imaging.

Textures were applied within the inlet area to promote increased velocities and in-

troduce slight turbulent mixing into the system. It was proposed that the introduction

of slight mixing within this first portion of the P-TS would reduce the speed of smaller

droplets within the centre of large slugs and increase the number interfaces across the

width within this area. Textures were not extended the entire length of the plate so that

turbulence produced within the texture area can dissipate and laminar, confined coales-

cence can occur.

118



Fr
eq

ue
nc

y

0 50 100 150 200 250
Diameter [ m]

0

50

100

150

200

250

300

350
Average Inlet*
50 m, Inlet
200 m, Inlet

(a) Inlet

Fr
eq

ue
nc

y

0 50 100 150 200 250
Diameter [ m]

0

50

100

150

200

250

300

350
Average Inlet*
50 m, Centre
200 m, Centre

(b) Center

Fr
eq

ue
nc

y

0 50 100 150 200 250
Diameter [ m]

0

50

100

150

200

250

300

350
50 m, Outlet
200 m, Outlet
200 m, Outlet*

(c) Outlet

Figure 7.6: Comparison of droplet size distribution recorded at different spot locations
with increasing plate spacings

7.1.2 Texturing of stainless plates

Texturing of the stainless steel was achieved using a LPKF Protolaser U3 laser cutter. By

choosing a slow cut speed and thin width of texture (1mm), rather than cutting the SS

the heat caused by the laser created an oxide layer which deposited above the profile of

the SS, as shown by Figure 7.7. Profiles were produced using a contact profilometer.

Laser Induced Breakdown Spectroscopy (LIBS)126 was used with the assistance of Dr.

Lord (University of Leeds. Department of Civil Engineering) to determine the material

created by the texture methodology. As the name suggests, LIBS is a destructive, rapid

chemical analysis technology which uses a short, focused laser pulses to create a micro-

plasma on the surface of the sample and a corresponding reference sample.
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a)

b)

Figure 7.7: Profile of texture height and width at two test locations a and b; a and b are
colour coded to the test locations shown in the insert

The interaction of the focused laser beam with the sample is a complex and not fully

understood phenomenon127. When a pulse of high-power laser makes contact with the

sample surface, irradiation at the focal spot leads to material removal; this process is

known as ablation phenomenon127. The ablated material compressed the surrounding

atmosphere and leads to the formation of a shockwave127. During this process, a wide

variety of processes occur including; rapid local heating, melting, and intense evaporation.

This evaporated material expands as a plume above the sample surface and, due to the

high temperatures involved, a plasma is formed127. The plasma contains electrons, ions

and neutral material as well as excited species of the ablated matter. The light emitted

by these excited species are measured by the LIBS spectrometer. Further detail about the

LIBS process and analysis can be found in the ’Handbook of Laser-Induced Breakdown

Spectroscopy" by Creamers126.

The raw reference data produced from the LIBS is shown in Figure 7.8a, the three

colours represent the output of the three detectors on the LIBs device. The coloured
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spectra shows the raw sample data and the black spectra the reference data from a clean,

SS* sample. For each detector, the sample and reference data are normalised to a peak

apparent in both of relatively similar intensity. The normalised intensities are then scaled

by a factor x3 to reduce noise128, the results of this are shown in Figure 7.8b. Using the

National Institute of Standards and Technology (NIST) database128 it was found that

wavelengths corresponding to the large peaks shown in Figure 7.8b indicate an increased

presence of Fe(II) or Fe(III). It is therefore assumed that the process of texture manufacture

by slow travelling laser cutter formed an iron oxide above the surface of the SS.

250 300 350 400 450 500

Wavelength (nm)

-2

0

2

4

6

8

10

12

14

In
te

ns
ity

 (
A

rb
)

105

(a) Raw LIBS reference data (Coloured) and
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Figure 7.8: LIBS data analysis.

7.1.2.1 Design of textures

The final designs of the textured plates are shown in Figure 7.9. The overall textured area

is 0.5mm wider than the gasket creating the plate spacing and 60mm long. A shorter

length textured area was chosen due to size limitations of machinery. The final plate

was manufactured in two parts, the textured area and the larger plate, the textured area

was precision welded into position. Although the weld sits outside of the flow area was

important that the weld was neat and flat, as it can be seen in Figure 7.9 the seam of the

welding is precise and in the case of the cross hatch plate can barely be seen.
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Figure 7.9: SS-S (top) and SS-C (Bottom) textured plates. Volume of texture for both
textures is

7.1.3 Effect of plate textures on separation efficiencies

The non-linear relationship observed in Section 6 was achieved again within the textured

P-TS and an S-curve was fitted to the separation efficiencies and extent of entrainment

figures below. As such analysis will be a comparison between the values of L and k from

Equation 6.2, which correspond to the total efficiency loss between the plate spacings

tested and the rate at which efficiency is lost with increasing plate spacing.

The SS* plate data is desaturated behind the data for the SS-S and SS-C textures

in Figures 7.10 and 7.11 for ease of reading, so the effect of introducing the texture can

clearly be seen.

At first glance of Figures 7.10 and 7.11, it is apparent that only the SS-S texture at

1mL/min and small plate spacing achieves a greater separation efficiency than the SS*

plate. It is also apparent that the effect of increasing the flow rate has a larger impact on

separation efficiency for higher plate spacings in the textured plate systems. It should be

noted that the plate spacing at the texture is equal to those tested in for the SS* system,

however, for the majority of the plate, the plate spacing has increased by 100µm and the

larger plate spacing will be used in all future calculations.

Looking at Figure 7.10 in greater detail there is a much higher loss in separation

efficiency at larger plate spacings than the non-textured P-TS. A difference between 1
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Figure 7.10: Plate efficiency for the SS-S plate texture. Desaturated below this data
(shown as crosses) is the SS* separation efficiency data from Figure 6.3.

0 200 400 600 800 1000 1200 1400
Plate Spacing ( m)

0

20

40

60

80

100

Se
pa

ra
tio

n 
Ef

fic
ie

nc
y 

(%
)

1 mL/min
3 mL/min
5 mL/min

Figure 7.11: Plate efficiency for SS-C plate texture. Desaturated below this data (shown
as crosses) is the SS* separation efficiency data from Figure 6.3.

and 5mL/min of 23.5% and 39.2% occurs for plate spacings 150µm and 1300µm for the

SS-S texture, respectively, as opposed to 20.2% and 23.1% for the SS* for the same plate
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spacings, according the the fitted data. Showing that the reduction in separation efficiency

with flow rate is greater and higher plate spacings when a texture is introduced. This is

also apparent in the data from the curve fitting with the L value showing overall efficiency

drops of 29.9%, 31.0% and 46.6% for 1, 3 and 5mL/min, SS-S texture configurations.

These values are 4.3%, 10.6% and 15.8% higher than those for the SS* configuration.

The progressive increase is most likely due to increased droplet break-up over the textures

at higher flow rates, or due to the 100µm bulk increase in plate spacing for the textured

system. Using the fitted data the to predict the efficiency at 150µm the change in efficiency

achieved by adding the SS-S texture is +4.7%, −1.3% and −0.7% for 1, 3 and 5mL/min,

which are a stark contrast to the change in efficiency occurring at 1200µm (−2.5%,

−13.4% and −17.8%). These values show that at low plate spacings the texture has

negligible effects on separation efficiency. Whereas, as the plate spacing increases, the

effect of the texture causes a large drop in separation efficiency which gets progressively

higher with increasing flow rates.

The same relationship is observed between the SS-C texture and SS* configurations,

with the change in efficiency achieved by adding the SS-C texture at 150µm being 12.2%,

−1.5% and −2.3% for 1, 3 and 5mL/min and −4.4%, −14.9% and −13.2% at 1200µm

1, 3, 5mL/min respectively. Comparing the difference between the SS-S and SS* textures

with that of the SS-C and SS* textures, it is apparent that at lower plate spacing the SS-S

texture aids in separation more than the SS* and SS-C configurations. However, at higher

plate spacings the SS-S texture deterioration in separation efficiency increases with flow

rate. The opposite is observed for the SS-C texture relationship, which initially increases

with flow rate then remains steady after 3mL/min. This suggests that the SS-S texture

creates greater droplet break-up at higher plate spacings than the SS-C.

Overall the result obtained with the introduction of the texture was not as expected.

It was expected that increasing droplet mixing the promotion of coalescence would occur,

however this was not observed in the overall results.

A basic, 3D, single-phase computational model was produced using a computational

fluid dynamics software package, Fluent. The aim of modelling a single phase system was
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to find areas of increased turbulence caused by the introduction of the texture. Ideally a

multiphase model would have been completed, however, this was not feasible with compu-

tational resources available. However, the computational single phase data was related to

the practical P-TS, two-phase flow conditions through the assumption of higher turbulence

within the model would directly relate to droplet break-up and the premature detachment

of settled droplets from the wall.

The model used was a k − ε model with enhanced wall treatment, where k is the

turbulent kinetic energy and ε is the turbulent dissipation rate129. Ideally a low Reynolds

k − ε would have been used, however, it is not available in software. To combat this, the

values of k and ε were calculated prior to running the simulation, using data provided

through the experimental work completed. The equations for the calculation of k and ε

are shown below129.

k = 3
2(vI)2 (7.1)

where k is defined above, v is the superficial velocity and I = 0.16(Redh)
−1
8 is the turbulent

intensity at the inlet calculated using the hydraulic Reynolds number.

ε = Cu
3
4
k

3
2

`
(7.2)

where Cu is an empirical constant (0.09), k is calculated as above and the turbulent length

scale is ell = 0.07Dh where Dh is the hydraulic diameter.

A simple 2.7 cm wide, 2.5 cm long mesh of the straight texture channel was produced.

Four straight mounts were included to represent the texture and the height, width and

spacing between the textures was equal to that of the physical plates (100µm height, 2mm

wide and 5mm apart).

The turbulent kinetic energy results are shown for plate spacing 200, 400, 600 and

1200µm are shown in Figure 7.12. From this initial plot it can be seen that there is high

levels of localised turbulence in all cases. The turbulent kinetic energy dissipates within

quickly and is not carried down the plate.
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Figure 7.12: Overhead view of the basic model showing the turbulent kinetic energy
produced by the introduction of straight textures into the flow channel. The direction of
flow is left to right.

When plotting the above graphs onto the same colour map range, it become apparent

that although initially the turbulence looks higher in Figure 7.12d than it does in Figure

7.12a, it is in fact much lower, as shown in Figure 7.13.

Comparing Figure 7.13a - d, it can be seen that the magnitude of the localised tur-

bulence reduces as plate confinement is reduced. Combining this data with that of the

separation efficiency experimental results, it can therefore be concluded that, areas of

localised turbulence to break-up flow structure formation in high confinement aids the

overall separation efficiency of a P-TS.

When viewing the effect of textures on the turbulent kinetic energy looking through

the plate spacing, Figure 7.14, it can be seen that at lower plate spacings the turbulence
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Figure 7.13: Overhead view of the basic model showing the turbulent kinetic energy
produced by the introduction of straight textures into the flow channel, adjusted to same
colour mapping scale for all plots. The direction of flow is left to right.
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Figure 7.14: Side view of the basic model showing the turbulent kinetic energy produced
by the introduction of straight textures into the flow channel. The direction of flow is left
to right.

is at its highest across the entire height of the channel. As plate spacing is increased the

increased turbulent dissipates towards the centre of the channel. Practically this means

that there will be more circulation of droplets with low kinetic energy in the larger plate

volume as opposed to high kinetic break-up at with a low plate spacing. However, this

data would require plotting on the same colourmap to form a direct comparison. Overall

it seen that the localised, turbulent kinetic energy is greater at low spacings. As there is

an increase in separation efficiency under high confinement and high localised, turbulent

kinetic energy conditions, it is believed that the introduction of textures over a greater
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area would increase separation efficiency for less confined systems.

In addition to the data provided by the Fluent model above, the static outlet DSD of

the SS-S and SS-C textures can be reviewed. Figure 7.15 shows the variation of droplet

distribution with plate spacing and flow rate. Its can be seen that there is a significant

difference in DSD with plate spacing when comparing Figures 7.15a and 6.9 (from Section

6). Figure 6.9 showed a steady increase of droplet frequency and d[3,2], whereas for the

SS-S spacing there is an initial large increase of droplets when increasing the plate spacing

from 150µm to 300µm, followed by a steady increase to at 700, with a plateau beyond.

This plateau was not expected as the separation efficiency reduces over this period.

The DSD for varying flow rates at the plate spacing of 150µm is shown in Figure

7.15b. An increase in droplet diameter was expected with an increase in flow rate and this

relationship with observed. This change in DSD corresponds to the separation efficiencies

achieved with the lowest separation efficiency and the highest number of droplets observed

at 5mL/min.

Fr
eq

ue
nc

y

0 50 100 150 200 250
Diameter [ m]

0

50

100

150

200

250

300

350
Average Inlet*
150 m, 1mL/min
300 m, 1mL/min
700 m, 1mL/min
1300 m, 1mL/min

(a) Variation with plate spacing

Fr
eq

ue
nc

y

0 50 100 150 200 250
Diameter [ m]

0

50

100

150

200

250

300

350
Average Inlet*
150 m, 1mL/min
150 m, 3mL/min
150 m, 5mL/min

(b) Variation with flow rate

Figure 7.15: DSD for varying plate spacing and flow rates for the SS-S texture.

A similar relationship is observed for the SS-C texture configuration, shown in Figure

7.16. Comparing Figure 7.16a with Figure 6.9, for the non-textured SS* plates, a similar

relationship between plate spacing and DSD is observed. There is a steady increase of

droplets observed with an increase in plate spacing, although a plateau at 700µm was

again observed. It is interesting to note that the frequency of droplets at a 700µm plate
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spacing is a larger than the average inlet*, suggesting that there is some break-up of

larger droplets into smaller droplets at these higher plate spacings. The overall number of

droplets shown in Figure 7.16 is much higher than in Figure 7.15, with the most prominent

change being observed for the 150µm plate spacing.

The DSD for varying flow rates at the plate spacing of 150µm for a SS-C texture

is shown in Figure 7.16b. As with Figure 7.15, the expected trend is observed with the

largest number of droplets (at 5mL/min) resulting the in lowest separation efficiency.
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Figure 7.16: DSD for varying plate spacing and flow rates for the SS-C texture

Overall the introduction of a small textured area did not provide the efficiency increase

expected for the higher plate spacings, however, small but significant improvements were

made for smaller plate spacings in some cases. It was expected that smaller droplets caught

within a slug would be held up and slowed down by the texture, increasing the potential of a

coalescence event. This was not observed as similar separation efficiencies are achieved for

smaller plate spacing and a loss of separation efficiency observed at larger plate spacings.

However, it is still believed that a textured area could achieve the desired effect. This is

still believed due to the results shown in Figure 7.10. Using a SS-S texture a 4% greater

separation efficiency was achieved for a plate spacing 100µm larger than the lowest used

in the non-texture configuration. It is therefore believed that increasing the length of

the texture towards the outlet will increase the separation achieved in confinement. The

straight to outlet (SS-StO) texture shown in Figure 7.17 was designed to achieve this.
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The texture was tapered to the aqueous outlet to allow for the development of laminar

separation and the reduction added confinement within the textured areas.
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Figure 7.17: Straight texture extended toward the aqueous outlet to aid in separation
within confinement.

The results achieved with a SS-StO textured plate are shown in Figure 7.18. Again

the results of the SS* investigation are plotted and desaturated behind the data to aid in

ease of comparison.
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Figure 7.18: Straight texture extended toward the aqueous outlet to aid in separation
within confinement. Desaturated below this data (shown as crosses) is the SS* separation
efficiency data from Figure 6.3.

At a glance it can easily be seen that for low flow rates and low plate spacings there

is an increase of separation efficiency achieved using the SS-StO texture. Comparing

these results achieved with the addition of the SS-StO texture with those of the SS*

configuration, an increase of 7.1% is achieved at a plate spacing of 150µm and 11.1% at
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1200µm for a 1mL/min flow rate. This trend in efficiency is also observed at 3mL/min

with increases of 13.3% and 4.9% for plate spacing of 150µm and 1200µm respectively.

However, when the flow rate is increased to 5mL/min there is an efficiency loss of 10.8%

and 11.8%.

Comparing all four systems together in Figure 7.19, it is clear to see that the SS-StO

is the most efficient P-TS for flow rates. At higher flow rates, the separation efficiency

achieved overall is the worst of all the P-TS investigated. The largest deterioration in

efficiency at the higher flow rate is observed for the smallest plate spacing, suggesting the

elongation of the texture causes large droplet break-up under confinemen. In comparison,

shorter textures can utilise the benefits of the non-textured area to recover from large

droplet breakage.

7.1.4 Conclusion

In this chapter, flow structure formation was observed for low plate spacings. These

structures were seen to break down with increased plate spacing. As it was found that

separation efficiency reduces with plate spacing, it was concluded that an increased number

of interfaces can aid in separation. The premise of this conclusion was that a droplet in

a narrow flow structure has a reduced lateral distance to travel to meet its ’like’ phase in

contrast

As the highest separation efficiency was achieved for a plate spacing of 50µm, where

the greatest number of interfaces was observed within the inlet area of the P-TS, textured

areas were introduced to this area to mimic the break down behaviour at higher plate

spacings. However, the addition of textures within this area did not achieve the desired

effect, with only slight improvements to separation efficiency being observed at low flow

rates, and a loss of separation efficiency occurring at higher flow rates.

A simplified computational model was used to show limited turbulence created by the

introduction of the textures, therefore concluding that the reduction in separation is likely

from the increase in plate spacing required to account of the textured area.

An elongated texture, spanning the entire length of the plate was introduced (SS-StO)
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Figure 7.19: Comparison of the separation efficiency acheived by all P-TS investigated for
different 1, 3, and 5mL/min
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and an overall separation efficiency increase was achieved for 1 and 3mL/min systems. A

reduced separation efficiency was observed for higher flow rates, due to increased droplet

break-up as the velocity of droplet impact with the texture is increased.

Overall the SS-StO P-TS provided the highest separation efficiencies in comparison

to all configurations tested and therefore will be taken forward for further investigation

in Section 7.2. The volumetric flow rate and plate spacing (including texture height)

chosen for the following experiments are 3ml/min and 200µm as there is greater scope

for efficiency improvement.

7.2 Hydro-Treated Plates

From the above experimental and computational design work, it has been concluded that

smaller plate spacing provides greater confinement and larger separation efficiencies. It

was also found that increasing the volumetric flow rate through the separator had the

opposite effect. Through visual techniques, the change in DSD across the plate length

was reviewed, as well as an overall view to capture the behaviour of larger flow structures.

It was found that in confinement, pearl string structures of droplets are formed which

elongate and expand as plate spacing is increased. The outcome of the previous studies

concludes that the two most efficient plate configurations with SS* and SS-StO lower

plates, at a flow rate of 1mL/min.

Considering the relationship between plate spacing, volumetric flow rate and separation

efficiency, it was decided that the final optimisation tests would be completed at 3mL/min

in a 100µm plate configuration (200µm for StO texture). This configuration was chosen

as it has the most scope for improved separation extent within a desirable time frame,

without the increased pressure drop associated with a lower plate spacing.

Although an optimised efficiency has been achieved, the P-TS in the current configu-

ration is not suitable for industrial use due to the PMMA upper plate material. PMMA

is proven to fracture under load and has low chemical resistance to common chemicals

used within the majority of industrial processes. The ideal configuration of P-TS would
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be stainless steel upper and lower plates (SS-SS) as SS is a strong industrial standard ma-

terial with high chemical and corrosion resistance. However, previous studies have found

that the loss of the hydrophobic/hydrophilic plate characteristics results in a large drop

in separation efficiency, as discussed in Section 1.431,32,35.

To combat the loss of hydrodynamic wall effects caused by the replacement of the

upper PMMA plate with a SS* plate, a hydrophobic coating was applied to the SS through

treatment with a silane functional group. Silane functionality is a common method for

increasing the hydrophobic properties of materials and is used in for applications such as

corrosion inhabitation, adhesion promotion and contaminations control130–133.

Silanes are the most important, diverse class of surface modification reagents, devel-

oped within the past century134. Many hundreds of silanes have been developed to tailor

surface properties for a vast amount of applications. There are two main processes used

in industrial and academic applications for the deposition of silane onto a surface, which

are liquid or gas phase deposition. The liquid approach is simple, requiring only standard

laboratory glassware, however, is incredibly temperature and humidity sensitive. The liq-

uid deposition process is commonly more difficult to reproduce and also requires toxic,

flammable organic solvents which can be avoided by using gas phase deposition135–137.

The gas phase deposition, or chemical vapor deposition (CVD) requires vacuum equip-

ment which can be costly, but is more reproducible and only requires the silane solution

in very small volumes (≤ 1mL) and no other chemicals. For these reasons a CVD method

was used within this study.

7.2.1 Silane functionality

Silicon, being in the same family as carbon in the periodic table, has very similar physical

and chemical properties as carbon, such as the ability to form four convalent bonds.

However, due to differences in p-orbital configurations the chemical properties are not

identical as Si can only naturally form single Si-Si bonds, unlike carbon. Although chemists

have achieved the Si=Si form before138–140.

Silane in its purist form is a silicon atom covalently bonded to four hydrogen atoms
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forming SiH4. SiH4 is highly relative, pyrophoric, in air and requires specialist equipment

to handle139,140. The term "silane", commonly reported on in literature, is actually a silane

derivative known as a silane coupling agent (SCA) where one of the hydrogen atoms is

replaced with another chemical moiety, as shown in Figure 7.20139,140. Silane derivatives

are much safer to work138–140.
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Figure 7.20: General structure of a SCA monomer.139

Silane reactive groups (X in Figure 7.20) often can not react with organic molecules

but can convalently bond with certain inorganic molecules139,140. SCA can be used to

couple organic and inorganic substrates as the organic arm (terminating in R, shown in

Figure 7.20) can be designed to facilitate covalent linkage with organic molecules. The

silane chosen for this application was 1H,1H,2H,2H-Perfluorooctyltriethoxysilane, shown

in Figure 7.21138–140.
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Figure 7.21: Structure of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane.
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The initial reaction occurring near the inorganic substrate is the condensation of SCAs,

forming a -Si-O-Si- linked polymer matrix138. The polymer matrix then interacts with

the inorganic substrate through the formation of a network of hydrogen bonds138. A

further condensation reaction occurs resulting in the formation of stable oxane bonds.

The oxane bonds, or siloxane linkage, consist of convalently linked organosilane polymers

to the surface. These stages are shown in Figure 7.22138.

Siloxane linkage produced using the method shown in Figure 7.22 do not form organised

monolayers but a thick polymer layer with the reactive groups extending out from the

surface known as a surface active matrix (SAM)138,141. The thickness of this layer depends

on the concentration of SCA used and the amount of water present in the solution. It has

been found through computational methods that increasing the density of -Si-O-Si- bonds

increases the disorder within the reactive groups, this is shown in Figure 7.23, where 7.23a

has fewer bonds and more order within the reactive group tails141.

7.2.2 Methodology

7.2.2.1 Metal-Metal configuration methodology

The majority of the methodology for running the P-TS in a metal-metal configuration is

the same as that in Section 6.1. However, as the top plate is no longer clear, images taken

in camera positions 1 and 2 in Figure 5.12 could not be taken.

A SS* plate prior to surface coating was first tested with a SS* lower plate at 3mL/min

and 100µm. This process was then repeated with the same top plate and the SS-StO lower

plate and a spacing of 200µm.

Chemical vapour deposition of the SS* plate was undertaken using the methodology

described in Section 7.2.2.2 to created a treated SS plate (T-SS). Experiments at 3mL/min

and 100µm/ 200µm with a T-SS upper plate and SS*, SS-StO lower plates were then

completed.
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Figure 7.22: Formation of a organosilane coating on an inorganic substrate138.

7.2.2.2 Chemical vapour deposition of SCA methodology

In all cases the reagents used were 99% purity or higher from Fisher Scientific (Loughbor-

ough) and Sigma Aldrich (Dorset), with the exception of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane

that was 98%. The All water used is ultrapure, deionized water from a MilliQ by Millipore

water purification system (Millipore, Watford, UK).

The initial contact angle of a fully manufactured plate, to the specification provided
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a) b)

Figure 7.23: SAM produced with the -Si-O-Si- bond density of a) 26 and b) 52.141

in Figure 5.1(b), was taken following the methodology covered in Section 3.1.1. The plate

was then cleaned thoroughly in two stages. The first stage was to fully submerge the

plate in a 3M HNO3 bath heated to 75 oC for 30minutes. After cleaning with the acidic

solution the plate was thoroughly rinsed with water and acetone to remove any surface

contaminants. In the second cleaning stage the plate was fully submerged in a 3M sodium

hydroxide (NaOH) solution, again heated to 75 oC and for 30minutes. After a final rinse

with water and acetone the SS plate was ready for treatment with the silane.

In a fume cupboard, a small beaker was filled with 1mL of 1H,1H,2H,2HPerfluorooctyl-

triethoxysilane. The beaker and cleaned plate were placed in a desiccator and a vacuum

pulled using a portable diaphragm vacuum pump. When the air within the desiccator was

fully evacuated the vacuum line was sealed and the pump turned off. As no heat was used

in this methodology the plate and silane were left under vacuum for 48 hours, however,

with the addition of heating this time can be reduced.

The coating of the plate formed through the evaporation of the silane under vacuum

followed condensation of the silane vapour onto the material surface. The contact angle of

the treated SS (T-SS) was taken to confirm the coating was successful. Before and after

pictures with the corresponding contact angles are shown in Figure 7.24.

7.2.3 Discussion of final design results

Data shown in Figure 7.25, shows the comparison between three P-TS configurations

with varying upper plate materials. Literature has previously shown running the P -
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Contact angle - 0o Contact angle - 188o

Figure 7.24: Effect of applying a SAM on stainless steel surface. Where a) shows water
wetting the surface and b) shows water beading and rolling off the T-SS.

TS in a hydrophobic-hydrophobic plate configuration results in a large decrease in effi-

ciency31–33,35. In this work, it is shown that the same occurs in hydrophilic-hydrophilic

plate configuration, as shown by green bars in Figure 7.25. However, the efficiency drop

shown is not as substantial as those observed in the hydrophobic-hydrophobic plate config-

uration. It is believed that this is due to the effect of the organic phase on the hydrophilic

nature of SS, as discussed in Chapter 3.

The effect of applying a hydrophobic coating onto the upper plate material is shown in

blue in Figure 7.25. Comparing these results with those from Chapter 6, shown in purple,

it can be seen that the separation efficiency increased by 13% and 18% when introducing

the silane coated non-textured lower plate to the system and the T-SS, respectively.

The increased plate spacing was achieved through design optimisation which considered

all parts within this thesis. From literature and the contact angle experiments in Chapter

3, it was known that a large difference in the hydrodynamics of the plate material was

required to achieve large separation factors31,32,35. Within this final experiment, a super-

hydrophobic coating was applied to ensure this difference was maximised. In Chapter 6, it

was found that a confined plate spacing can increase droplet coalescence by reducing the
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Figure 7.25: Comparison of efficiencies achieved across all tested plate configuration.

angle at which droplets met and forcing smaller, fast flowing droplets into the coalescence

zone shown in Figure 4.1. The principle of confinement is utilised within the final P-TS

design. Finally in Chapter 7.1, it was found that increasing the number of interactions

across the width of the plate, increased separation efficiency is achieved, and therefore

textures were introduced to the lower plate to promote the break-up of flow structures

formed through localised turbulence through the spacing between the textured and upper

plated. The combination of these three experimental chapters resulted in the highest

efficiency of separation being achieved in a 200µm plate spacing, with a 100µm StO

texture lower plate and a T-SS upper plate at 3mL/min; the efficiency achieved with this

configuration was 96.9%.
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CHAPTER 8
Conclusion & future work

8.1 Contact Angle

The hydrophilic behaviour of SS is reduced in the presence of an organic continuous phase

or organic contamination. In terms of separator design, previous studies have suggested

that the cause of separation in the P-TS is a result of the different fluid interactions with

the hydrophobic and hydrophilic walls31–33,35. Using the results found within this study,

if the previous statement is correct, it would be found that the separation efficiency of a

P-TS is reduced when the continuous phase of a dispersion is organic phase. This theory

was used in Section 7.2 to aid in the design of the final, optimised P-TS.

Further to this, it was observed that increasing the pH within the dispersed phase,

reduces the contact angle on both hydrophilic and hydrophobic environments, however

the opposite was found when increasing the pH within the continuous phase. The effect

of increasing [HMI] within the dispersed phase was minimal for both hydrophilic and

hydrophobic test materials. However, as with the pH, increasing [HMI] in the continuous

phase causes an increase in contact angle. It was also found that an increase in the volume

of TBP within the organic phase will increase the contact angle in all cases.

The effect of these relationships within the P-TS were unable to be investigated due

to low dispersion longevity of the systems tested within this study, as shown in Section

5.2. Further work would have to be completed within a radiation environment or using

TBP radiation degradation products, to increase the system viscosity to directly compare

the effect of increased/decreased contact angle with [HMI] variations experienced within

the PUREX flowsheet on P-TS separation efficiencies.
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8.2 Interfacial Tension and Coalescence Rate

In all cases an increase in [HMI] resulted in an increase in interfacial tension and a higher

coalescence rate. The introduction of TBP increased coalescence rate by 12%, which is

supported by the drop in interfacial tension and droplet volume observed in the presence of

TBP. This interfacial tension change was found to be controlled by the [HMI] for systems

with a pH greater than 1.5. Below a pH of 1.5, the interfacial tension is likely governed

by the relationship at the droplet interface between the ligand, TBP, and [H+]. This

relationship between interfacial tension and coalescence rate was expected due to the well

documented theory of cohesive forces of molecules at the droplet interface41.

In practice this conclusion means that in an industrial flowsheet, the efficiencies of the

separation stages will vary within a bank as the HMI varies and so, the system [HMI] and

diluent concentrations must be taken into consideration to improve separation efficiency

and reduce over-engineering.

Again, unfortunately, the effect of these relationships within the P-TS were unable to

be investigated due to low dispersion longevity of the systems tested within this study,

as shown in Section 5.2. To investigate the effects of P-TS separation efficiencies with

interfacial tension and [HMI] variations experienced within a PUREX flowsheet, further

work is required within a radiation environment.

8.3 P-TS Design Optimisation

Within this investigation it was confirmed that the P-TS is a highly efficient method for

the separation of fine droplet immiscible dispersions.

The efficiency of separation is greater in highly confined situations (lower plate spac-

ings) and lower flow rates. As plate spacing is expanded, a non-linear reduction in separa-

tion efficiency is observed for all flow rates. The point at separation efficiency deterioration

increases with plate spacing occurs at higher plate spacings for reduced flow rates. There-

fore, low flow rate systems maintain the ideal, confined separation conditions at higher
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plate spacings than higher flow rates.

As expected entrainment of droplets within the biphasic outlet increased with plate

spacing and reduced with separation efficiency, as supported by a decrease in droplet

frequency in outlet DSDs. The diameter of entrained droplets within the biphasic outlet

reduces with plate spacing, however, when compared to the inlet DSD the total diameter

change from inlet to outlet is low.

It can be concluded that the separation times and separation efficiencies achieved are

significant improvements to gravity separation of the same dispersion. With the fastest

P-TS separation time, 4.4 s achieved with SS*, 50 µm spacing and 5mL/min, providing a

409× improvement compared to gravity separation. The shortest P-TS separation time, ≈

550 s achieved with SS*, 1200 µm spacing and 1mL/min,also provided a 98.9% improve-

ment compared to gravity separation. The increased separation efficiency is the direct

result of confined, wall effects within the P-TS.

Flow structure formation was observed for low plate spacings. These structures were

seen to break down with increased plate spacing. As it was found that separation efficiency

reduces with plate spacing and concluded that an increased number of interfaces can aid

in separation. The premise of this conclusion was that a droplet in a narrow flow structure

has a reduced lateral distance to travel to meet its ’like’ phase, in comparison to a droplet

caught in the center of a large slug.

As the highest separation efficiency was achieved for a plate spacing of 50µm, when

then greatest number of interfaces was observed within the inlet area of the P-TS, textured

areas were introduced to this area to mimic the break down behaviour at higher plate

spacings. However, the addition of textured within this area did not achieve the desired

effect. With only slight improvements to separation efficiency being observed at low flow

rates, and a loss of separation efficiency occurring for at higher flow rates.

A simplified computational model was used to show limited turbulence created by the

introduction of the textures, therefore concluding that the reduction in separation is likely

from the increase in plate spacing required to account of the textured area.

An elongated texture, spanning the entire length of the plate was introduced (SS-StO)
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and an overall separation efficiency increase was achieved for 1 and 3mL/min systems. A

reduced separation efficiency was observed for higher flow rates, due to increased droplet

break-up as the velocity of droplet impact with the texture is increased.

Overall the SS-StO P-TS provided the highest separation efficiencies in comparison to

all configurations tested and was taken forward for further investigation. The volumetric

flow rate and plate spacing (including texture height) chosen for further investigation were

3ml/min and 200µm as they had the greatest scope for efficiency improvement.

The effect of applying a hydrophobic coating onto the upper plate material was found.

The results of this experiment were compared to those from the non-textured P-TS from

Section 6. It was found that the separation efficiency increased by 17% and 23% when

introducing the silane coated non-textured lower plate to the system and the T-SS, re-

spectively.

The final increase in separation efficiency was achieved through design optimisation

which considered all parts within this thesis.

• From literature and the contact angle experimental in Chapter 3, it was shown that

a large difference in the hydrodynamics of the plate materials was required to achieve

large separation factors31,32,35.

• In Chapter 6, it was found that a confined plate spacing can increase droplet coales-

cence by reducing the angle at which droplets met and forcing smaller, fast flowing

droplets into the coalescence zone shown in Figure 4.1.

• in Chapter 7.1, it was found that increasing the number of interactions across the

width of the plate, increased separation efficiency and therefore textures where in-

troduced to the lower plate to break-up flow structures formed through localised

turbulence through the spacing between the texture and upper plate.

The final optimised design uses a super-hydrophobic coating to ensure the maximum

difference in hydrodynamics between the plate materials was maximised. The principle

of confinement was utilised through choosing a low, confined plate spacing, and finally
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a texture was applied to the lower plate to introduce localised turbulence through the

spacing between the texture and upper plate.

The combination of these three experimental chapters resulted in the highest efficiency

of separation being achieved in a 200µm plate spacing, with a 100µm StO texture lower

plate and a T-SS upper plate at 3mL/min; the efficiency achieved with this configuration

was 96.9%.

8.4 Future Work

Although this thesis has thoroughly investigated the design of a P-TS, there are many

factors that could be investigated computationally and compared to the results within

this thesis to further strengthen the theory as to why such high separation factors were

achieved. The computational work completed within this thesis was limited and only

used to show the general increase in flow velocity and turbulence. To fully asses the

hydrodynamics within the P-TS a full, in depth CFD assessment is required using advanced

CFD techniques. This is required to fully capture the turbulent phenomena arising from

confinement and wall effects within the P-TS. This would include the use of a low Reynolds

number, turbulence model or Large Eddy Simulation (LES) to correctly approximate a

solution to the navier-stokes equations. Additionally, the use of a multiphase model such

as Volume of fluid or eulerian-eulerian methods should be used to capture and asses the

complexities of the coalescencing dispersed phase.

Now it is known that the P-TS can achieve high separation rates with industry appro-

priate materials, the next stage in the design process will be to focus on scale up of the

volumetric throughput. It has been shown in this work that scale up by increasing the

plate spacing is not feasible therefore, scale-up by number up will have to be used. Compu-

tational methods can be used to quickly predict the separation efficiency of multiple units

to achieve a desired throughput. This separation efficiency can be optimised by varying

the plate spacing and geometry of the individual units. Once scale up is completed, a cost

and efficiency comparison between the P-TS and a bank of centrifugal contactors could
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be completed.

Further work is required to ensure the longevity and chemical/radiation compatibility

of the super-hydrophobic coating. The feasibility and cost of coating removal for decom-

missioning purposes could also be investigated.
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