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Abstract
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This thesis focuses on fibre coalescers whose efficiency is based on the surface

properties/characteristics. They have the ability to preferentially wet or interact with

one or more of the fluids to be separated. Thus, the interfacial phenomena governing

the separation efficiency of the coalescers is investigated depending on physical

factors such as flowrates, phase ratios and coalescer packing density.

Design of process equipment to produce and separate of the emulsions was carried

out.The experimentation was carried out to test the separation efficiency of the

coalescing medias, namely fibreglass, polyester I and polyester II. The performances

of the coalescing medias were assessed via droplet size information.

In conclusion, the objectives (design of process equipment and experimentation)

were achieved. Fibre glass was the best coalescing media, next was polyester I and

then finally polyester II. Droplets sizes increased with decreased flowrates and

increased packing density of the coalescer. Phase ratio had effect on the droplet sizes

of the feed but had no effect on the coalescence of droplets of the feed.

                                      ii



Nomenclature

Roman Letter
A,    surface area of drop, [m2]
A11, hamaker constant for liquid-liquid interaction, [-]

Cp,  specific heat capacity, [J/kg K]
cs,   emulsifier (surfactant) concentration in the emulsion, [kg/m3]

d,    diameter, [m]

dh    hydraulic mean dimater of  static mixer element, [m]

E,    effective length multiplier, [-]

F,    force pressing the drops towards each other, [N]

g,    acceleration due to gravity, [m/s2]

h ,   film thickness, [m]

hc,   corrugated plate spacing or structures packing crimp height, [m]

ha ,  average film thickness, [m]

HE,  height of equipment , [m]
K,   Kuwabara’s hydrodynamic factor, [-]

L,    length of coalescer, [m]

Le,   static mixer element length, [m]

Uo,  superficial velocity , [m/s]

.

AV , aqueous phase pump capacity, [m3/s]

.

cV , volumetric flowrate of emulsion through coalescer, [m3/s]

.

DV , dispersed phase pump capacity, [m3/s]
.

eV ,  liquid/liquid emulsion flow rate, [m3/s]

.

oV ,  volumetric flowrate of organic phase, [m3/s]

.

wV , volumetric flowrate of water, [m3/s]

t ,    time , [s]



Vc,  volume of coalescer, [m3]

vt ,  terminal settling velocity, [m/s]

WE, width of equipment, [m]

Greek letter
 ,  volume fraction of fibres or wires, [-]

 ,  void fraction of static mixer, [-]

 ,  interfacial tension, [N/m]

,   contact angle, degrees.

µ,   viscosity, [Pa s]

µc,  viscosity of continuous phase, [Pa s]

h,  change in film thickness, [m]

r    change in curvature of drop, [m]

Totalη  ,overall collection efficiency, dimensionless, [-]

 ,   collection efficiency of a single target by direct interception

s,   fractional collection efficiency by Stokes settling,  [-]
c,  critical wavelength, [m]

φ ,  dispersed phase volume fraction, [-]

P, pressure drop, [Pa ]

T∆ ,change in temperature, [K]
,    density,[kg/m3]

w ,  density of water, [kg/m3]

satΓ , excess surface concentration of the emulsifier at saturation [kg/m3]

c ,   continuous phase density, [kg/m3]

d ,   dispersed phase density, [kg/m3]

e  ,  emulsion density, [kg/m3]



Subscript
fg,  fibreglass

m,  minimum
pI , polyester I

pII ,polyester II

Dimensionless number

c

hoc
e

dUR
µ

ρ
=  ,  Reynolds number for static mixer

σ
ρ hoc

e
dUW

2

=    Weber number for static mixer

Chemicals and Abbreviations
EDS,    emulsion droplet size
TEHP, tris(2-ethylhexyl) phosphate

PETP,  polyethylene terephthalate polyester (polyester)
M,       material

FI ,      flow indicator
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1. Introduction

When two liquids are immiscible or non-soluble in one another, they either form an

emulsion or colloidal suspension. Whether it is an emulsion or a colloid, the

dispersed phase forms drops in the continuous phase [1]. Although the term emulsion

and colloids are sometimes used interchangeably, an emulsion is mostly used when

the dispersed phase and the continuous phase are both liquids whereas a colloid may

be a combination of two liquids or a liquid phase and a solid phase. An emulsion can

either be water-in-oil or oil–in-water depending on the volume fraction of the phases

and the type of emulsifier used in making the emulsion. Other possibilities such as

double emulsion (water-in-oil-in-water) also exist. Emulsions have several

applications in the agro products (for example, farm insecticides spray), paints,

photographic coatings, pharmaceutical, etc. Examples of emulsions include butter,

margarine, milk, cream, magmas, cutting fluids for metal working, salad dressings,

hand lotions, etc [2 ].

         One  of  the  challenges  associated  with  emulsions  in  the  food  and

pharmaceutical   industries is the separation of phases as a result of   emulsion

instability through coalescence (merging of drops to form larger drops), coarsening

(in which larger drops grow and smaller drops shrink due to larger internal pressure

of smaller drops) and creaming or sedimentation in which drops sink or rise out of

the bulk. Another challenge can be seen in the petroleum/petrochemical industry

where effective separation of water from produced fluid is a major

problem,.Although there exist several oil-water separation methods, such as gravity

settlers and centrifuges, they have limited applications due to their large capital

and/or operating cost, low separation efficiency and slow separation process. Many

processes, however, use gravity settler(s) in the last stage of an emulsion separation

operation because in the last stage, the dispersed phase droplets are large enough to

settle rapidly. In addition, they are very cheap [3]. Flow of emulsions through a

coalescing device at a reasonable flowrate and a pressure drop causes separation of

emulsions into two phases with each phase containing small quantities of the other

phase. Fibre coalescers are known to have greater surface area and flexibility
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compared with plates or granular beds.  A few authors have done intensive research

and discovered several coalescing media such as polyester fibres, polyamide,

tetrafluroethylene, polyurethane, etc. Most of these materials have had little impact

on the separation industries because their principal phenomena have not been fully

understood or they have not been fully developed to meet the challenges facing the

separation industries

   The first objective in this study is the design of an emulsifier (static mixer) and a

coalescer for making and separating emulsions. The studied coalescing materials are

fibreglass and polyester (two different types namely polyester I and polyester II). In

the design of a coalescer for the separation of colloids or emulsions, full knowledge

and understanding of the basic principles and transport phenomena involved are

required [1, 4].

 The second objective is experimentation leading to the establishment of design

principles for the coalescing materials via variation of phase ratios, flowrates and

packing densities of materials (the amount of coalescing material per unit volume of

available coalescer volume).

2. Emulsions

2.1 Emulsion formation

There are several ways how emulsions are produced from two liquid phases which

are not miscible or are only slightly miscible. First, there is deformation of the

interface between the two liquid phases leading to the formation of droplets. Next, is

the breaking up of the droplets into much smaller droplets. Thus, the disruption of

the droplets is a critical stage in emulsion production. Factors such as particle size

distribution, droplet interactions, and continuous phase rheology (the flow behaviour)

affect the rheological behaviour of emulsions [1, 3].

Droplets can be deformed and disrupted by viscous or inertial forces. A viscous force

generates tangential and normal stresses and an inertial force generates pressure

differences at the droplets’ surfaces. Viscous forces are dominant in laminar flows

while inertial forces are predominant in turbulent regimes. However, viscous forces

may also be involved in turbulent flows [1].
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One important tool used to quantify emulsions is the droplet size distribution

generated by plotting droplet diameters against the volume or mass fraction of the

droplets. Emulsions have properties such as stability (shelf-life of commercial

products formed from emulsion), rheology (flow behaviour), colour (the basic colour

of an emulsion is white), texture, and shelf-life (how long the phases remain

together).  These properties depend on emulsion droplet  size (EDS) and droplet  size

distributions. Hence information about EDS is of considerable importance [1, 2].

The state of the distribution is affected by the manner in which the emulsion is

formed and the age of the emulsion. Another important characteristic of an emulsion

is the existence of a maximum droplet diameter. The maximum stable droplet size

that an emulsion develops in a given situation depends on the mechanism in which

they are produced, the amount of energy imparted to the mixture, and the interfacial

tension between the phases involved. Drops larger than the maximum drop size leave

the dispersed phase to form a separate liquid layer and are therefore not considered

part of the emulsion [1].

      The following Table 1 shows drop sizes of emulsions, and their stabilities. In the

table different sources from which emulsions can be produced are presented. They

are for instance, flash drums, static mixers, impeller mixers, extraction columns,

centrifugal pumps, caustic wash drums and surfactants. The flash drum is a vessel in

which a mixture of liquid and vapour flow with the aim of separating the vapour and

the liquid phases, the static mixer, a device for mixing two fluid materials [2], are

able to produce unstable (weak) emulsions in the size range of 100-1000 µm when

the phase ratio of the dispersed phase is greater than five percent (5%). Impeller

mixers  and  extraction  columns  are  able  to  generate  moderate  (slightly  unstable)

emulsion with drop sizes range of 50-400 µm when the dispersed phase is less than

five percent (5%). Centrifugal pump discharges, caustic wash drums are strong in

stability with drop sizes of the order of 10-20 µm. Finally, surfactants giving

emulsions with very low interfacial tensions and haze from condensation in bulk

liquid phases also produce very stable emulsions with drop sizes of the order of 0, 1-

25 µm. Emulsions are also formed from untreated well productions that consist of

crude oil and water [1, 2, 3].
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Table 1: Sources of emulsion, drop sizes and stabilities [1]

Source Stability Drop sizes

[µm]

Flash drum emulsions with

 >5% dispersed phase, static mixers.

Weak 100-1000

Flash drum emulsions

with <5% Dispersed phase, impeller

mixers, extraction columns.

Moderate 50-400

Centrifugal pump discharges, Caustic

Wash Drums, Low interfacial Tension

Emulsions

Strong 10-20

Haze from condensing in bulk liquid

phases, surfactants giving emulsions

with very low Interfacial tensions

Very Strong 0,1-25

Mixers of different types (turbo mixers, simple mixers, etc), colloid mills, pressure

homogenisers and ultrasonic devices are some of the main tools for emulsification in

the food industry. Various mixers are available in wide applications in the

emulsification technology but the high-speed turbo mixer is one of the most efficient

emulsifiers. The valve homogeniser and ultrasonic device are useful for highly

dispersed emulsions [1].

There  are  different  emulsifiers  incorporated  into  emulsions.  Some  are  solely

emulsifiers and some have both emulsifying and stabilising properties such as milk

proteins and modified starches. For a fixed emulsion composition, there is a

maximum interfacial area which can be completely covered by the emulsifier. Below
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a certain emulsion droplet size (EDS), there might not be enough emulsifier to cover

the interfaces completely, and so droplets tend to coalesce with their neighbours. The

minimum EDS during  emulsification  can  be  determined  by  the  emulsifier  type  and

it’s concentration according to the following mathematical equation [5]:

dmin =
S

sat

c
φΓ6

                                                                                                           (1)

Where:

satΓ  is the excess surface concentration of the emulsifier at saturation, [kg/m3]

dmin  is minimum droplet size, [m]

φ      is dispersed phase volume fraction, dimensionless

cs  is surfactant concentration, [kg/m3]

 The equation above shows that smaller droplets can be produced by increasing cs,

decreasing φ   or using an emulsifier with a lower satΓ .  It has also been discovered

that there are two regimes encountered in the application of an emulsifier. These are

the surfactant-rich regime in which EDS depends only on surfactant characteristic

and not on surfactant concentration (example, the power density of the emulsification

systems) and the next regime is the surfactant-poor regime in which EDS strongly

depends on the initial surfactant concentration and not on surfactant characteristic.

Examples of these emulsifiers which are in the surfactant-poor regime are whey

protein concentrates (WPC), sodium dodecyl sulfates (NaDS), Brij 58, Tween 20,

hydroxyl propyl methyl cellulose, etc. [2].

2.2 Emulsion stability

One technique used in the measuring of the stability of an emulsion is the measuring

of the separation time between the phases (aqueous and organic phase). A guideline

for  this  procedure  can  be  seen  in  the  Table  2  below.  In  Table  2  the  stability  of  an

emulsion  is  expressed  on  the  basis  of  separation  time which  is  also  related  to  drop

size. In Table 2, an emulsion is considered very weak when the two phases separate

under one minute and the drop sizes of this very weak emulsion are usually greater
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than 500 µm. Similarly, an emulsion is considered to be weak when the phases

separate under ten minutes with the drop sizes of the emulsion in the range of 100-

500 µm. A moderate emulsion is one whose phases would be separated after several

hours with drop sizes in the range of 40-100 µm. A strong emulsion would be

separated after several days with drop sizes of the order of 1-40 µm and then finally,

a very strong emulsion would have the phases separated after several weeks with

drop sizes less than 1 µm [1].

Table 2: Classification of emulsion stabilities based

 on separation time and drop size [1].

Separation Time Emulsion Stability Drop Sizes,

 [µm]

< 1 minute Very weak >500

<10 minute Weak 100-500

Hours Moderate 40-100

Days Strong 1-40

Weeks Very strong <1

(colloidal)

 The different stabilities of these emulsions discussed depend on several factors such

as the presence of surfactants and the surfactants’ concentration, viscosity of the

fluids, densities of the phases, temperature, electric field, etc. In the formation of an

emulsion, usually a film of the continuous phase is usually trapped between the

droplets. The behaviour of this thin film determines the degree of stability or

instability of the emulsion. The rate of thinning of this film determines the time

required for the coalescence of the droplets. When the film has thinned to a critical

thickness, it ruptures, and these droplets unite into larger drops. Thus, the mechanism

of coalescence of the droplets of an emulsion occurs in two stages: film thinning and

film rupture [6].
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For the film to thin there must be a flow of fluid in the film. This means that there

must be a pressure gradient in the film. The rate at which the film thins depends on

the rate at which the interfaces between the drops and the film move. The film may

either drain evenly or unevenly depending on the interfacial tension gradient caused

by an adsorbed surfactant when a surfactant is used [7]. Variables affecting the

thinning of the film are as follows [6, 8]:

• Viscosity and density of the phases.

• Interfacial tension and its gradient in the film.

• Interfacial shear and dilational viscosities and elasticities of the fluids.

• Density difference between the phases.

• Drop sizes of the emulsion.

• Surfactant type and concentration of the surfactant at the interface.

• Electrostatic, Van der Waals (London forces), and other forces acting

between the interfaces.

There are many models predicting the rate of the film thinning and the critical

thickness of the film. Most of these models assume that the film is thick enough that

the effects of Van Der Waals (London forces and electrostatic forces) between the

droplets can be ignored. The first mathematical analysis was the Reynolds parallel

model which assumes the bounding interfaces (droplets surrounding the film) to be

solids and the film of uniform thickness. The resulting equation from this assumption

can be given as follows: [9].

-dh/dt=2 Fh3/2µA2                                                                                                     (2)

Where:

h is  film thickness, [m]

t  is  time, [s]

µ is viscosity of the continuous phase, [Pa s]



8

F is force pressing the drops towards each other, [N]

A is surface area of the drops, [m2]

The model also assumes that the film thickness, h, does not change with the radius of

the particle, r (the particle radius here refers to the radius of the drops).

That is,

h/ r = 0                                                                                                                    (3)

Where:

h is change in film thickness, [m]

r  is change in radius of the drop, [m]

In a real case, however, the bounding films, which are fluids, have variations in

curvature and this implies that, h/ r  0. The equation further assumes that the

interface is immobile and there is no dimple formation .A dimple is formed when the

interfacial tension gradient becomes larger than the shear stress acting on the

interface. This causes the interface to contract and drag the surrounding bulk fluid

inward into the film.

Next is the film rupture which causes droplets to unite into a larger drop. Rapture of

a film occurs due to a disturbance caused by temperature fluctuations, Marangoni

effects, electric fields, flow instabilities, or electric fields [3].

Schedulko [10] analysed the rupture of thin liquid foams in relation to their

instabilities caused by deformations on the surface and he predicted a critical

wavelength below which the film becomes stable and above which it becomes

unstable. For a free film,

c = (128 /A11)1/2ha
2                                                                                         (4)

Where:

c  is critical wavelength, [m]

   is liquid-liquid surface tension, [N/m].
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A11 is Hamaker constant for liquid-liquid interaction, dimensionless

ha    is average film thickness, [m].

The film thinning and rapture are known to depend on a number of factors as already

discussed. These factors also depend on the following physical properties which have

been discussed in details as follows:

 2.2.1 Effect of temperature

Temperature affects the behaviour of emulsions. In most cases, an increase in

temperature results in a decrease in the stability of an emulsion. Increased

temperature increases the rate of adsorption, the Van der Waals forces, the Brownian

motion  of  the  emulsion,  and  decreases  the  viscosity  of  the  continuous  phase.  A

decreased viscosity of the bulk phase (continuous phase) increases the probability of

the rapture of the thin film developed between drops. Hence at a given concentration

of an emulsifier, less demulsifier is needed at higher temperatures.

 Experiments [11] have shown that those small temperature fluctuations significantly

affected  the  life  times  of  droplets  and  it  has  been  found  that  the  rate  of  change  of

temperature affects emulsion stability. Greater stability was observed with the rapid

cooling of oil-in-water emulsions than with a slow cooling of the same emulsion

according to Buzagh et al. [11]. The oil for this emulsion was obtained from

sunflower.

A  temperature  rise  reduces  the  viscosities  of  emulsion  phases  leading  to  a  lower

interfacial tension and a lower Laplace pressure, thereby reducing the minimum

thermodynamic energy necessary for emulsification. The reduced thermodynamic

energy facilitates the production of smaller droplets. There is also a certain critical

temperature for certain emulsifiers like bio-polymers beyond which they lose their

emulsifying properties. The role of temperature rise on emulsion formation during

high-pressure emulsification is however uncertain. For ultrasound emulsification, the

number of nuclei giving rise to cavitations increases with increased temperature, but
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so does the vapour pressure inside the bubble, producing a damping of the shock

wave and a lowering of the maximum pressure reached at the implosion [5].

The temperature rise for an emulsion during high pressure emulsification can be

calculated from the following [5]:

epC
PT
ρ

∆
=∆                                                                                                                  (5)

 Where:

∆ P  is pressure drop, [Pa]

Cp    is specific heat capacity, [J/kg K]

e     is density of the emulsion, [kg/m3]

2.2.2 Effect of Solid particles

Certain solid particles are known to stabilise emulsions if the contact angle between

the two phases and the particle’s surface has a value favouring adsorption of the

particle at the liquid-liquid interface of the emulsion, and also if the particles are in a

state of incipient flocculation [12]. Pickering was the first person to show that solid

powders could stabilize oil/water dispersions. Based on his study of oil-in-water

emulsions stabilized by variety of solids (sulphates of Cu, Ni, Zn, Al), he concluded

that if the solids are wetted by the water in preference to the oil, then the formation

of oil-in-water emulsion would be favoured [13].

       Leja [14], also working on systems stabilized by Barium sulphate powders,

showed that oil/water emulsions are stabilized by the solid powder when the contact

angle at the oil/water/solid interface was slightly less than 90 o.  He  further  showed

that water in oil emulsions are favoured and stabilized by the powder when the

contact angle was greater than 90 o.In addition, antifoaming agents such as dimethyl

polysiloxanes, silicones, certain alcohols, glycols and stearates are destabilise

emulsions [2].
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2.2.3 Effect of Continuous phase viscosity

With bulk viscosities falling with temperature, the relationship between the bulk

viscosity and temperature can be used to manipulate the stability of an emulsion.

Increased viscosity of the dispersed phase will lead to difficulty in droplet disruption

and break-up would be more difficult, hence, emulsion droplet sizes would be

increased. The correlation function between mean droplet diameter (d) and viscosity

of the dispersed phase ( d) is given by the following mathematical relation:

d = C b
d                                                                                                                     (6)

  Where C has to be determined experimentally for an emulsification system. The

exponent b is greater than 0,5 for plain rotor-stator systems, b is in the range of

 0,25-0,4 for rotor-stator systems, b= 0,4-0,9 for toothed rotor-stator systems. For

ultra-sonification, longer emulsification times are required in a high viscosity media

and no correlation has been found between the continuous phase viscosity and the

emulsion droplet sizes. Since a plot of log d versus log d gives a straight line with

positive slope in ultrasound emulsification; droplets are larger for a dispersed phase

with a high viscosity [6].

2.2.4 Effect of Electrolyte

The DLVO (Derjaguin, Verway, Landau and Overbeek) [4] theory is a quantitative

analysis  of  the  forces  of  attraction  and  repulsion  between  particles  and  drops.

According to the theory, the electrical double-layer repulsion forces work to stabilise

colloidal particles. This repulsive force occurs due to the overlap of the diffused

layer of charges surrounding the particles. Hence, the addition of an electrolyte

increases the rate of coagulation by suppressing the double-layer repulsion forces [3].

According to Van den Temple [15], the rate of coalescence increases with increased

electrolyte concentration.
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3. Coalescers

3.1 Introduction to coalescers

Different chemical and physical separation methods exist for separating emulsions.

Chemical means of separating emulsions have the advantage of breaking an emulsion

in situ. The chemicals help emulsions breakage via the destabilization of the

interfacial layer of the droplets of the emulsion [3]. For example, Aslanova [16] used

black petroleum sulfonaphthenic acid to break petroleum emulsions.

Also, a demulsifier which is prepared by reacting oxidized paraffin with an alkyl

phenol/ethylene oxide reaction product, was found to separate petroleum emulsions

efficiently [17].

Physical methods available include gravity separation, fibrous and granular bed

filtration, centrifugal coalescence, ultrafiltration, freezing, air flotation and

electrically induced coalescence [3]. The effectiveness of these common physical

methods for liquid-liquid separation techniques are summarised in Table 3. In  Table

3, the ‘free’ dispersed phase represents the dispersed phase that has been separated

from the  continuous  phase.  In  an  oil-in-water  emulsion,  this  ‘free’ dispersed  phase

exists as a continuous layer floating on top of the aqueous phase. The ‘primary

emulsion’ includes coarse droplets of the dispersed phase which do not pose a major

challenge  from  the  separation  point  of  view.  The  secondary  emulsions  consist  of

droplets  less  than  10  µm in  size.  Due  to  the  small  sizes  of  the  drops,  emulsions  of

this nature are very difficult to break and are the main challenge from separation

point of view [3]. From Table 3, it can be seen that coalescers in addition to

ultrafiltration are the best means of separating secondary emulsions.
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Table 3: The effectiveness of various physical coalescing methods [18]

Separation technique Free Primary

emulsion

Secondary

emulsion

Gravity separation A C NA

Filter coalescence A B A

Centrifugal separation A A C or NA

Granular filtration A A B

Ultrafiltration A A A

Dissolved air flotation A A B

Freezing A A C or NA

A-excellent;  B,-average separation;  C,-poor separation;  NA -not applicable.

An ideal coalescer would be a device through which a dispersion (two fluid

materials)  can  pass  at  a  reasonable  flow  rate  with  a  small  pressure  drop  [3].  A

mechanical coalescer can be categorized as a quiescent settler, a plate coalescer, a

porous  bed,  a  fibrous  bed  or  a  granular  bed.  A  coalescer  is  mainly  suitable  for  the

separation  of  an  emulsion  when  the  maximum  drop  diameter  is  less  than  500 µm,

otherwise an open gravity settler is preferable. Compared to most separation

methods, gravity settling is the simplest. However, due to the limitations associated

with the gravity settling, many processes have been devised to coalesce (join)

droplets to a size at which gravity settling becomes economically feasible.

The separate streams, which consist of a coalesced phase (dispersed phase) and a

continuous phase, contain a negligible amount of other phase. The construction of a

coalescer should be simple and be made of materials which will be chemically

resistant to the emulsions to be treated.

Most coalescers consist of an entrance layer, a coalescing layer, and an exit layer.

The entrance layer is mostly made up of a coarse filter matrix aimed at collecting

large droplets and agglomerates as they attempt to pass through the coalescer. The

entrance layer acts as a distributor, which evenly directs the liquid through the
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coalescer. The entrance layer also helps to reduce hold-up of the dispersed phase at

the top of the coalescer. The coalescing layer is the region where major portions of

the emulsion coalesce on the fine fibres or plates’ bed of the filter matrix of the

coalescing material [3].

3.2 Commercial coalescers

Coalescers are used in several industrial applications. In refineries, coalescers are

used in the separation of aqueous solutions during treatment of hydrocarbons as well

as in the separation of dispersions during washing stages. In offshore applications,

coalescers  are  used  for  removing  water  from fuel  oils  and  also,  for  the  removal  of

water and glycol from natural gas condensate.

In the hydrometallurgical industry, coalescers are used in solvents removal from

effluents and also in solvent extraction to improve phase separation. Coalescers have

useful applications in the chemical process industry for example, in the removal of

water from solvents, improvement of product quality by reduction of entrained

liquids and the separation of dispersions formed by azeotropic distillation [19].

Some coalescers from KnitMesh Technologies commercial coalescers are discussed

in details in the following chapters.

3.2.1 Plate type coalescer

The plate type coalescer [19] is specifically designed for applications where

improvement of the conventional gravity settler is needed and a coalescer packing is

unsuitable due to fouling problems from high concentration of solids or waxy

compounds  in  the  feed  stream.  It  is  also  suitable  when  minimum  pressure  drop  is

required. Figure 1 shows a simple plate type coalescer from KnitMesh. Key benefits

are as follows:

• It has a unique diagonal profile.

• Two phases disengage (separate) continuously along the plate.

• Improved stability.

• Risk of droplet re-entrainment is reduced.
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• Has a high packing density which means that there are  more plates in a given

vessel volume.

• It is efficiently maintained even with phase inversion of dispersed liquid.

• Suitable for operation with a third gas phase.

Figure 1: A simple plate type coalescer [19].

3.2.2 DusecTM coalescers for secondary dispersions.

The DusecTM coalescer [19] is more applicable with secondary dispersions where

droplet sizes are so small that they do not readily wet a surface or settle under gravity

(typical drop size range is 1-30 µm). The Dusec coalescer, in a cartridge form, has

liquid flowing from the centre radially outwards. It is made from a selection of a

number of fibre materials. Adhesion forces capture intercepted droplets to the fibre

surfaces at selective points where clusters form until coalescence takes place and the

droplets grow.

After a period in the growth of the droplets, viscous drag force increases until it

exceeds adhesion forces, causing droplets to separate from the fibre materials where

they move further into the coalescer fibre bed. Key advantages of the DusecTM

secondary coalescers are as follows:

• A low pressure drop.

• A smaller vessel size, meaning reduced capital cost.

• Separation efficiency down to 10 ppm free entrainment.
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• Higher loadings and absence of jetting from outer layers means higher

packing densities.

• Quick performance recovery as a result of feed condition changes.

• Fibre topology and surface property combined with optimised layer

compositions implying higher efficiency.

This kind of cartridge developed by Knit-mesh Technologies is mechanically sealed

which replaces the usual resins seal used to secure the end caps of the cartridge

fibres. The new seals combined with carefully selected fibres means that the

cartridge can resist even the most aggressive solvents. This new model gives the

following advantages:

• All the benefits with Dusec (Dusec with resin sealing cap).

• Can be sued in strong solvent conditions.

• Suitable for high temperatures.

Figure 2 shows a simple Dusec coalescer from KnitMesh Technologies for secondary

dispersions.
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Figure 2: A simple Dusec coalescer for secondary dispersion [19].

3.2.3 Dusec plus

The Dusec plus [19] from KnitMesh Technologies as shown in Figure 3 is designed

to achieve a high performance with a minimum pressure drop, providing a high

capacity alternative to conventional Dusec cartridge. It has a much smaller diameter

and an increased packing density making it suitable for applications where it is

necessary to maximise the effective surface area of the coalescer. Added benefits are

as follows:

• All the benefits of a Dusec coalescer in addition to the following

• High efficiency at minimum pressure drop

• Increased packing density
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Figure 3: A simple Dusec plus coalescer [19].

3.2.4 DCTM coalescers
 The DCTM Coalescer  [19]  from  KnitMesh  Technologies  uses  a  composite  of  two

materials with very different surface free energies (typically metal and plastic). This

helps to offer significant advantages over the conventional single medium

alternatives. The combined high and low surface energies means an effective

separation no matter which phase is dispersed. Another added advantage is the

increased rate of coalescence when droplets are captured at the junction of the two

different materials. The most significant key benefits are as follows:

• Improved separation efficiency

• Higher capacities which allows de-bottlenecking of conventional separators

• Large cost savings in pressure vessels

• Efficiency is maintained even with phase inversion of dispersed liquid

• High free volumes making pressure drop as low as possible.
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Figure 4: A simple three phase Knitmesh DC Coalescer [19].

3.2.5 ACS coalescers

Figures 5 and 6 show some coalescer configurations by ACS .

The orientations of the coalescers (horizontal and vertical positions), mode of entry

of  the  feed  (emulsion),  mode  of  exit  of  the  separated  phases  and  the  addition  of

auxiliary equipment such as the boot in Figure 5 and the coalescing media are some

of the differences among most industrial coalescers. The choice of a coalescer

configuration depends on the manufacturers, the intended purposes, cost etc.

Figure 5: A horizontal coalescer with a boot [1].
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Figure 6: A vertical decanter with a coalescer [1].

3.3 Coalescing media

Different coalescing materials have been found suitable for different applications.

Commercially, fibreglass seems to be the most popular medium due to its availability

and low cost. Commercial fibreglass is usually coated with a proprietary material,

usually a Bakelite resin, which has an intermediate phobicity for oil and water. Fibres

of diameter 2-3 µm are best suited for coalescing secondary emulsions with a low

viscosity materials [3]. The following Table 4 shows different known coalescing

materials.
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Table 4: Different coalescing medias.

Brief description Authors and  References

Poly (tetrafluoroethylene) fibres Omura, Tamura,

Okuda (1997)                                [20]

Mixture of polypropylene, polycryst

Al2O3, and nylon fibres

Chambers,

Walker (1977)                               [21]

Polyurethane foam Jay,

Bonner,

Betancourt (1978)                         [22]

Matrix of stainless steel  wool Arnaiz (1979)                               [23]

Fired boards of saffil fibers Hemming (1979)                          [24]

Polyamide and

Polyester fibers

Durand, Pont Nicolas,

De Santere, Henri, and Dayre (1979)

[25]

Multistage filter with cotton-

polyester and aspen wood fibers

Thompson (1980)                         [26]

Aluminium or steel fibers coated

with vinyl acrylic, polyethylene, or

PVC

Rutz, Swain (1980)                       [27]

Copolymer  of  acrylonitrile  and

methyl acrylate matrix

Nomi, Yamada (1980)                [28]
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Table  5  also  shows  different  coalescing  medias  with  their  different  surface

properties, cost and fouling properties. These materials have very high porosities and

are of different target sizes. They also have different surface characteristics with

regard to hydophilicity (H) and oleophilicty (O).

Table 5: Coalescing media [1]

Media H/O Porosity Sheet/Wire/Fibre size Fouling/Cost

Metal/Plastic

Corrugated

Sheets

H/O 98-99%

9,5-25,4 mm

Spacing/Crimps

Wire/Plastic

Mesh,

H/O 95-99%  0,05-0,279 mm

Wire Wool H 95-99%  0,05-0,279 mm

Wire/Polymer

Co-Knits

O 94-98% 21-35 µm

Wire/fibreglass

Co-Knits, Glass

Mat.

H 92-96% 9-10 µm

Low/Low

High/High

In addition to the numerous coalescing media, Table 6 presents some coalescing

media and their industrial applications with regard to the nature of emulsions they

separate (emulsion source), flowrate and maximum droplet diameter.
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Table 6: Coalescing media and their applications [1]

Media Source Max.

droplet

diameter,

[µm]

Flow

range, [gpm/ft2]

Corrugated sheets Separators with

coarse emulsions and

static mixers.

40-1000 15-75

(35-180 m3/hr/m2)

Wire mesh,

Wire wool

Extraction columns,

Distillation

 tower feeds,

impeller mixers.

20-300 7,5-45

(35-180 m3/hr/m2)

Co-knits of wire &

Polymer

Steam

stripper bottoms,

Caustic wash drums,

High pressure drop

mixing valves.

10-200 7,5-45

(35-180 m3/hr/m2)

Glass mat.,

Co-Knits of wire &

Fibreglass

Haze from cooling in

bulk liquid phase,

Surfactants giving,

Emulsions with very

lowinterfacial tension.

1-25 7,5-45

(35-180 m3/hr/m2)

Two important characteristics which describe the hydrophobicity of a coalescing

material are the contact angle and the slip length. These two properties are discussed

in details as follows.
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3.3.1 Contact angle

 Contact angle is a macroscopic measure of hydrophobicity which measures the static

repulsion between the surface of the coalescer material and liquid Knowledge of the

contact angle enables one to know the interaction between the fluids and the solid

surface. One method for measuring this property experimentally is described as

follows: A container is filled with an organic phase of interest. A solid surface

(coalescer material) is then placed horizontally in the container under the organic

phase level after which water droplet or the aqueous phase is injected on the solid

surface. The angle between formed between the baseline of the drop and the tangent

on the boundary of the fluid is measured optically. The contact angle correlates the

ability of a fluid to wet a surface and spread on it. PTFE (Polytetrafluroehtylene) for

example, is a highly hydrophobic surface and so, water cannot wet it. On the other

hand, stainless steel and glass are more hydrophobic materials than PTFE and it is

easy to observe water spread on them. Figure 7 below shows an illustration of

contact angle [29].

Figure 7 illustration of contact angle [29].
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3.3.2 Slip length

 The slip length is a microscopic quantity that can be used to describe a hydrophobic

surface. It is an indicator of drag reduction. The main difficulty with measuring slip

length is that the measurement must be accurate in micro-scale in the order of

magnitude of nanometers or micrometers. Several methods have been proposed for

the slip length measurement such as the technique tracing the fluid flow near a

boundary, technique based on force or displacement measurement, capillary

techniques and quartz crystal resonators.

In addition to these techniques, other techniques for slip measurement, such as flow

of thin films on spinning disks and rotating cylinders, droplets moving down an

inclined  plane  surface,  particle  sedimentation  rates  and  the  excitation  of  surface

waves, also exist. Few of these methods measure slip length directly without making

assumptions. For example, the technique tracing the fluid flowing near a boundary is

among a few examples that measure slip length directly [30].

3.4 Fluid flow in coalescer media

Liquid-liquid coalescers are used to accelerate the merging of many droplets to form

a  lesser  number  of  droplets  but  with  greater  diameter.  Increased  diameter  helps  to

increase the buoyant forces in the Stokes’ law equation. Settling of the larger

droplets  downstream  of  the  coalescer  then  takes  less  residence  time  than  it  would

have been for smaller droplets [1]. Coalescers show a 3-step method of operation as

follows. Droplet capture

• Droplet Coalescence

• Stokes Settling

These three steps are  illustrated in the following Figure 8.  Detailed discussions of

these phenomena are later discussed in the following page.
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Figure 8: Illustration of the 3 steps in the coalescence of drops [1]

3.4.1 Droplets capture

The first stage in coalescence is the collection of entrained droplets primarily either

by intra-media Stokes settling or direct interception. Elements which depend on

intra-media Stoke settling confine the distance a droplet can rise or fall between

parallel plates or crimps of sheets. This is like in gravity separators in which the

travelling distance is equal to the entire height of the liquid in the separator. This

effect can also be seen in knitted wire mesh but their high void fractions means the

surface is very discontinuous.

Mesh, co-knits of wire and yarns, wire and glass wools all depend primarily on direct

interception where multiple fine wires or filaments collect fine droplets as they travel

in laminar flow around the wires or filaments of the coalescer.  A general  rule with

direct interception is that the size of the target should be close to the average size of

the droplet in the dispersion. Finer coalescing media allow the separation of fine or

more stable emulsions. Fine media also filter fine solid particulates from the process

stream. Hence, unless the emulsion is very clean, an upstream duplex strainer or

filter is needed to protect a high efficiency coalescer made of very fine medium

Direct  interception  occurs  when  a  droplet  follows  a  streamline  around  a  target  but

collides with it because the approach distance is less than half its diameter. Figure 9

shows an illustration involving the direct interception of a target [1] as has just been

discussed.



27

Figure 9 : Direct interception mechanism [1]

The collection efficiency for direct interception in mesh, co-knits, wire and glass

wools is given mathematically as follows [1]:

)/(1
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−
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η                                                                                          (7)

Where:

D is collection efficiency of a single target by direct interception, [-]

E   is effective length multiplier, [-]

   is Volume fraction of fibres or wires, [-]

d    is  droplet diameter, [m]

K   is  Kuwabara’s hydrodynamic factor, [-]

The Kuwabara’s Hydrodynamic factor is given as follows:

K = -0.5ln -0.25 2+ -0.75                                                                                      (8)

Where:

 is volume fraction of the fibres, dimensionless.

The Kuwabara hydrodynamic factor is a correction to the collection efficiency term

that assumes a laminar/viscous flow field. Effective length multiplier, E, is an

empirical factor which takes into account the uneven distribution of curved and

crinkled targets in a wool medium, the shielding effects of the loops of knitted mesh

and the twists of an adjacent filaments in a strand of yarns. The finer the yarn or the

filament wire, the more the nesting/shielding effect and the lower the value of E.
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 is the volume fraction of the fibres.

The droplet size, once it is empirically found to be approximately half the diameter

of the target size, is substituted into equation (7) and the length, L, required can be

evaluated  from the following equation [1]:

ηα
ηαπ

4
)1ln()1(

−
−−

= TotalD
L                                                                                           (9)

L        is length of coalescer, [m]

Totalη   is total collection efficiency of fibres

D       is size of fibre, [m]

η        is the collection efficiency of a single fibre/wire.

         is Volume fraction of fibres or wires

Corrugated Plate Interceptors (CPI) and Stokes-pak crimped sheet packing are one of

several coalescers with very high specific surface area since more metal are used

compared with a parallel plate interceptors (PPI). The volume of media needed to

remove virtually all droplets is given by the following equation [1]
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Where:

 C1 = 164 for plate-pakTM with horizontal sheets

         219 for stokes-pakTM with horizontal sheets

         312 for stokes-pakTM with vertical sheets.

Vc is  volume of coalescer, [m]

.

eV   is volumetric flowrate  of emulsion, [m3/s]

 hc   is  corrugated plate spacing or structures packing crimp height, [m]

 dmin is the minimum droplet diameter, [m]
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µc  is continuous phase viscosity, [Pa s].

 is change in density between phases, [kg/m3]

    is density, [kg/m3]

w  is density of water, [kg/m3]

From the Equation (10), it is clear that the Plate-Pak is the most efficient and thus has

the  smallest  C1.   The  reason   for  this  is  that  the  height,  h,  a  droplet  must  traverse

before hitting a solid surface is minimized in the construction. With the knowledge

of the cross-sectional area of a fully flooded coalescer vessel, the required depth can

be calculated. Once the final coalescer length is selected, the minimum droplet size

that can be collected at 99,9% efficiency is done by trial and error substitution of the

settling velocity using Stokes equation. The final equation thus becomes,

999.0
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==
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hv

o

ct
sη                                                                                        (11)

Where:

vt is terminal settling velocity of droplets, [m/s]

L is length of coalescer, [m]

hc is corrugated plate spacing or structures packing crimp height, [m]

In a horizontal flow, when the length is over four elements (813 mm long), the

coalescer is mostly divided in two or more beds with intermediate spacers or spacer

rings[1].  Cross  flow  designs  are  often  used  in  this  situation  to  allow  for  more

frequent removal of the collected dispersed phase [3].

3.4.2 Droplets coalescence

The second phase in the coalescence process is the combination or aggregation of the

captured droplets. Increasing the tendency for droplets to adhere to a medium

increases the chance of subsequent droplets striking and coalescing with those

already retained. Whether a coalescing medium is hydrophilic (affinity for water) or
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oleophilic (affinity for oil) depends on the solid/liquid interfacial tension between it

and the nature of the dispersed phase. As a general rule, an organic dispersed phase

wets organic (that is plastic or polymeric) media as there is a relatively strong

attraction between the organic media and the organic phase, whiles an aqueous

dispersed phase preferably wets an inorganic medium such as a metal or a glass. This

wetting property helps in the coalescence step as the droplets adhere to the

coalescing medium longer. Also, the density of the medium assists in the coalescence

process. Lower porosities yield more sites available for coalescing. For yarns and

wools, capillary forces are also important in retaining droplets. Once several droplets

are collected on the solid media (plate, wire, or fibre), they tend to combine in order

to minimise their interfacial energy.

Coalescers work better in laminar flow for several reasons. First, droplets will stay in

the streamlines around a wire or fibre target. Second, high fluid velocities overcome

surface tension forces and strip droplets out of the coalescer medium. This results in

re-entrainment in co-current flow and prevents droplets from rising/sinking in

counter current flow. Hence turbulent regime is not suitable for coalescers. Slower

velocities result in longer residence time in the media; hence more time for droplet-

to-target impact, droplet-to-droplet collision and intra media Stokes settling [1].

3.4.3 Stokes settling

In Stokes settling, difference in densities between the phases causes droplet rise or

fall by buoyancy force. The greater the difference in the densities, the easier is the

separation. In Stokes settling, the vessel is sized to ensure a laminar or a streamline

flow since a turbulent flow causes remixing and is therefore not a good flow regime

for separation in coalescers. In order to settle finer droplets and ensure a laminar

flow, large vessels and residence times are needed for settlers. In the case of

coalescers, settling is expedited by the coalescing media which gather finer droplets

into larger ones,  resulting in a higher buoyancy and a faster settling rate. This

reduces the residence times and the volume of vessel sizes) [1]. Figure 10 illustrates

Stokes settling. In this figure, the rising or the falling of droplets is slowed by

frictional forces from the viscous effects of the opposing liquid. When the stream is

not flowing and the opposing forces (buoyancy force and viscous drag force) cancel
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out, the drop achieves terminal settling velocity and this velocity is constant due to

the absence of net forces on the drop. The mechanism of separation under this

condition is known as Stokes settling and it is the last stage in the separation process

of coalescers. The equation for the Stokes’ settling is given as follows [1]:
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18
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=                                                                                                    [12]

Where:

g    is acceleration due to gravity, [m/s]

d    is droplet diameter, [m]

dρ  is dispersed phase density, [kg/m3]

cρ  is continous phase density, [kg/m3]

           Figure 10: Forces acting on a drop in Stokes settling [1]
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4. Design of test equipment.
To  study  the  effects  of  material  properties  and  flowrates  in  a  coalescer,  an

experimental coalescer was designed. Table 7 shows the physical properties of the

fluids used in the experimentation.

Table 7: Physical properties of the fluids used in the experimentation, [31, 32].

Property Density, [g/cm3] Viscosity, [mPa.s]

Water 0,998a 1,0a

Shellsol D60 L 0,779a 0,974a

Tris(2-ethylhexyl)

phosphate (TEHP)

0,923c 10,2c

a: Temperature at  25 oC,     c: Temperature at 20 oC

In addition, 90% Shellsol and 10% tris (ethylhexyl) phosphate were the fractions of

the organic phase used. The amount of water (aqueous) varied according to the

required phase ratio between the organic and the aqueous phase. All experimented

were conducted at room temperature.

A block diagram and a flow sheet of the experimental set-up for this study can be

seen in Figures 11 and 12 below. In the process, the organic phase and the aqueous

phase are pumped separately to the static mixer which is the emulsification system.

The created emulsion enters the coalescer where it is separated into two phases with

each phase containing small amount of each other.
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Figure 11: Block diagram of the experimental set-up.

Figure 12: Flow sheet of the experimental set-up.

Detailed description of the process principles and operation of the design equipments

is as follows: The set-up consists of an aqueous line and an organic phase (solvent)

line through which water and organic solvents are supplied to the static mixer for the

Organic
Phase

Aqueous
Phase

Static
mixer

Coalescer

Separated
Phase
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creation of the emulsion and are then subsequently pumped to the coalescer where

the separation of the phases occur.

 Just before the coalescer, there is a by-pass with a valve and rotameter used to

regulate the flowrates of the created emulsion as it enter the coalescer. In the

coalescer, different materials with different packing densities are used. The by-pass

(which is a portion of the emulsion from the static mixer) and the waste (this is the

separated phases of the aqueous phase and the dispersed phase) are sent to the waste

collecting tank where the phases are separated and the organic phase re-used in

subsequent experiments. Details of the process design of the process can be seen in

appendix I-IX. In addition, flowrates and packing densities of the media used are

shown in Tables 8.

Table 8: Flowrates of the organic and the aqueous phase.

oV& × 10-5 m3/s wV& × 10-5 m3/s totalV& × 10-5 m3/s φ , [%]

0,83 2,5 3,33 25,0

0,83 1,67 2,50 33,3

1,67 1,67 3,34 50,0

The main design equation used for the static mixer is given as follows [33]:
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                                                                                              (13)
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Where:

Re is  Reynolds number, [-]
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We is  Weber number, [-]

d     is  drop size, [m]

dh is the hydraulic mean diameter of  static mixer, [m]

Uo   is superficial velocity, [m/s]

cρ    is the continuous phase viscosity, [Pa s]

σ     is the interfacial tension of the organic and aqueous phases, [N/m].

There SMVmixer consisted of eight (8) mixing elements of the static mixer used and

these elements are made of stainless steel.The properties are also given in appendix 3

Table 9: Pysical properties of the coalescing medias [34]

Material Packing

density,

[kg/m3]

Volume
fraction

Average
fibre
diameter
[µm]

Density

kg/m3

Fibreglass 39,6

Fibreglass 60

Fibreglass 80

0,11 5,8 5670

Polyester I 42

Polyester II 46
- 6 1400

Phase ratios were predicted by varying flowrate of the aqueous and the organic phase

according to the following mathematical definition:

wo

o
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V
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.

+
=φ                                                                                                             [16]

Table 10 is the plan of the experiment used in this study.
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Table 10: Experimental plan.

Material Packing

density

[kg/m3]

Runs Range of velocity

× 10-2 [m/s]

Phase ratio

[%]

4 0,3-1,3 25

3 0,3-1,0 33,3

Fibreglass 39,6

60

80

4 0,3-1,0 50

4

0,3-1,3 25

3
0,3-1,0

33,3

Polyester I

42

4 0,3-1,0 50

4
0,3-1,3 25

3 0,3-1,0 33,3

Polyester II 46

4 0,3-1,0 50
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5. Experimentation
The separation mechanism in the experimentation carried out in this work is based on

differences in wetting properties of the coalescer material surfaces. It is known that

aqueous and organic liquids have different contact angles on different surfaces and

this property leads to differences in velocity between the aqueous phase and the

organic phase in the coalescer. Thus, the difference in the velocities of these fluids

on the coalescer materials is the driving force for the separation process [29].

The performance of these different coalescing materials is studied by means of drop

size  information.  Measurement  of  the  drop  sizes  was  done  with  Hamamatsu

microscope which is a simple device for measuring dimensions of minute particles in

the  order  of  nanometers  (nm).  Emulsions  are  made  from  Shellsol  D60,  Tris  (2-

ethylhexyl) phosphate (both organic compounds) and water (an aqueous compound).

Filtration by the filaments (fibreglass and polyester) rather than by plates and

granular beds is used due to the larger surface area these filaments provide in

addition to their operational flexibilities.

The oil- in- water (O/W) emulsion in this study was made according to the following

procedure.The water and the organic solvent were separately pumped through the

static mixer (emulsifier) consisting of eight identical mixing elements. Emulsion was

generated as the organic and aqueous phases passed through the static mixer. The

drop sizes of the emulsion depend on the total volumetric flowrates of the phases.The

higher the volumetric flowrate, the smaller are the drop sizes and vice versa.

The generated emulsions’ flowrates were regulated with the aid of flow indicators

prior to entering the coalescing media. The idea was to test the coalescing

efficiencies of the coalescing media with respect to flowrates for the same drop sizes.
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The emulsion was fed into the coalescing media where coalescence of the droplets

takes place. The degree of the coalescence of the droplets depends on the flowrates at

which they pass through the coalescing media and the type of coalescing media

Figure 13 below shows a picture of the experimental set-up. Samples for each run of

the experiment, before the coalescer and after the coalescer, were taken and with

with a microscope attached to Hamamatsu camera. The Hamamatsu colour camera

with the aid of the microscope can measure the sizes of very minute particles of the

order  of  nanometer  (nm).  Figure  14  shows the  Hamamatsu  colour  camera  that  was

used in the measurement of the drop sizes. For each drop measurement, at least 100

drops were considered and analysed with a software which is operated manually.

Figure 13: A picture of the experimental set-up.
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Figure 14: Hamamatsu colour camera for acquiring images and for measuring the

drop sizes.

The Hamamatsu microscope consists of the following parts: on the immediate left is

a microscope where samples before and after the coalescer are taken and are

deposited for measurement. Next is the camera control unit C4200 used to regulate

the background colour of the drops being measured. Finally, the 336 computer

converters, the image monitor and the digitalizing tablet are auxiliary parts used in

transmitting the images of the drops to the PC monitor as can be seen from Figure

15. The following Figure 15 shows drop sizes taken with the Hamamatsu colour

camera.

Figure 15: Image of drops before (Left) and after coalescer (Right).
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From Figure 15 above, images of drops taken before and after the coalescer can be

seen. The measurement shows that drop sizes were larger after the coalescer than

they were before coalescer.

A sample of the data obtained from measurement can be seen in appendix X with

50% organic phase ratio during experimentation with polyester I.

6. Experimental results and discussions.
The data obtained from the experiments, for example, in appendix X were processed

by means of distribution density curve, which is a plot of the fractions of the droplets

in a given interval of drop sizes (1/µm) versus drop size (µm). The arithmetic mean

of the drop sizes of the feed and drops sizes at different velocities through the

coalescer and concentrations of organics in water were plotted for all the coalescing

materials. In addition, the drop sizes at different velocities were plotted and

compared

Plots of distribution density versus drop sizes, and arithmetic mean of drop sizes of

feed at different velocities for the coalescing materials can be seen in Figures 16-30.

Figures 32-34 show the effect of concentration and velocity on drop change for the

coalescing medias. For each figure, detailed analysis is done.
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Figure 16a: A plot of distribution density versus drop size with 39,6 kg/m3 fibreglass

at 25 % organic in water.

Figure 16b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 39,6 kg/m3 fibreglass at 25 % organic in water.
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Figure 17a: A plot of distribution density versus drop size with 39,6 kg/m3 fibreglass

at 33,3 % organic in water.

Figure 17b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities and with 39,6 kg/m3 fibreglass at 33,3 % organic in water.
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Figure 18a:A plot of  distribution density versus drop size with 39,6 kg/m3 fibreglass

at 50 % organic in water.

Figure  18b:  A  plot  of  arithmetic  mean  of  drop  sizes  of  feed  and  drop  sizes  at

different velocities with 39,6 kg/m3 fibreglass at 50 % organic in water.

50% organic in water and 39,6 kg/m3 fiberglass

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

0 2 4 6 8 10 12 14

Drop size, [µm]

D
is

tr
ib

ut
io

n 
de

ns
ity

, [
1/

µm
] Feed

1,3E-2 m/s
1,0E-2 m/s
0,6E-2 m/s
0,3E-2 m/s

50 % organic in water and 39,6 kg/m3 fibreglass

0,00

1,00

2,00

3,00

4,00

5,00

6,00

7,00

A
rit

hm
et

ic
 m

ea
n 

of
 d

ro
p 

si
ze

s,
 [µ

m
]

Feed
1,3E-2 m/s
1,0E-2 m/s
0,6E-2 m/s
0,3E-2 m/s



44

Figure 19a: A plot of distribution density versus drop size with 60 kg/m3 fibreglass at

25 % organic in water.

Figure 19b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 60 kg/m3 fibreglass at 25 % organic in water.
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Figure 20a: A plot of distribution density versus drop size with 60 kg/m3 fibreglass at

33, 3 % organic in water.

Figure 20b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 60 kg/m3 fibreglass at 33, 3 % organic in water.
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Figure 21a: A plot of distribution density versus drop size with 60 kg/m3 fibreglass at

50 % organic in water.

Figure 21b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 60 kg/m3 fibreglass at 50 % organic in water
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Figure 22a: A plot of distribution density versus drop size with 80 kg/m3 fibreglass

and 25 % organics in water.

Figure 22b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 80 kg/m3 fibreglass at 25 % organic in water.
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Figure 23a: A plot of distribution density versus drop size with 80 kg/m3 fibreglass

and 33,3 % organic in water.

Figure 23b: A plot of arithmetic mean of drop of size of feed and drop sizes at

different velocities with 80 kg/m3 fibreglass at 33,3 % organic in water.
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Figure 24a: A plot of distribution density versus drop size with 80 kg/m3 fibreglass at

50 % organic in water.

Figure24 b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 80 kg/m3 fibreglass at 50 %organic in water.
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Figure 25a: A plot of ddistribution density versus drop size with 42 kg/m3 fibreglass

at 25 % organic in water.

Figure 25b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 42 kg/m3 polyester I and 25 % organic in water.
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Figure 26a: Distribution density versus drop size with 42 kg/m3 fibreglass at 33,3 %

organic in water.

Figure26b:A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 42 kg/m3 polyester I at 33,3 % organic in water.
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Figure 27a: A plot of distribution density versus drop size with 42 kg/m3 polyester I

at 50 % organic in water.

Figure 27b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 42 kg/m3 polyester I at 50 % organic in water.
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Figure 28a: Distribution density versus drop size with 46 kg/m3 polyester II at 25 %

organic in water.

Figure 28b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 46 kg/m3 polyester II at 25 % organic in water.
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Figure 29a: A plot of distribution density versus drop size with 46 kg/m3 polyester II

at 33,3 % organic in water.

Figure 29b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities e with 46 kg/m3 polyester II at 33,3 % organic in water.
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Figure 30a: Distribution density versus drop size with 46 kg/m3 polyester II at 50 %

organic in water.

Figure 30b: A plot of arithmetic mean of drop size of feed and drop sizes at different

velocities with 46 kg/m3 polyester II at 50% organic in water.
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The results of the Figures 16-30 show that drop size increases in the coalescer. The

distribution also gets wider for the drop sizes of the velocities under discussion

compared with. The drop size is largest for the lowest velocity and vice versa. Also,

there is no effect of phase ratio on droplet coalescence through the coalescer. Droplet

sizes increased with packing density and vice versa.

Figure 31: A plot of arithmetic mean of drop sizes of feed and standard deviation

versus phase ratio of organic in water.

From Figure 31 above, it can be seen that that standard deviations increased with

increased phase ratio. 25 % organic in water has the least deviation, 33,3 % the next,

and then finally 50 %. Also, the higher the amount of organic in water (phase ratio),

the, higher is the feed size. 50% organic in water has a higher feed size, 33,3% the

next and then 25%.Due to these deviations, drop change, defined as the difference

between drop size at a given velocity and the drop size of the feed would be used.
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Figure 32: A plot of drop change versus velocity at 25 % organic in water with

different coalescing materials.

Figure 33: A plot of drop change versus velocity at 33,3 % organic in water with

different coalescing materials.
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Figure 34: A plot of drop change versus velocity at 33,3 % organic in water with

different coalescing materials.

The results for the Figures 32-34 show that drop change increased with decreased

velocity and vice versa.

From figures 32-34, for the same material, it is expected that the medium with the

highest packing density would be the best performing material in terms of droplet

sizes, however, this was not the case with fibreglass. It was observed by alternative

means of drop size measurement with an imaging Pros X device that the higher the

packing density of a material, the better the coalescence of droplets of the feed. Thus,

droplet sizes increase with increased packing density. Figure 35 shows drop sizes in

the order of 700 µm measured using fibreglass with a packing density of about 80

kg/m3. This proves that the offline measurement of the droplets with the Hamamatsu

camera measuring device used previously was not very reliable due to a number of

factors, for example, very large drops could not be sampled from the coalescer

during measurement as a result of the narrow nature of sampling hole of the

coalescer and emulsion instability (phase separation within a few seconds after

sampling).
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Figure 35: An image taken with imaging Pros X device of drop sizes with fibreglass

of packing density of 80 kg/m3.

7. Conclusion and recommendation.
The duration of this study was 6 months. Within this period, experiments were

carried out to study the coalescing behaviour of fibreglass, polyester I and polyester

II. In spite of numerous problems encountered during the experimentation, the study

was successful.

Amongst the three different coalescing medias used, the best performing coalescing

the media was fibreglass, then polyester I and lastly, polyester II. Standard deviations

for the measurement were very high for higher phase ratios (25 % < 33,3 % < 50 %)

and this led to difficulty in comparing coalescing materials at different

concentrations (phase ratio) and velocities.

With regard to the effect of velocity on droplet sizes, it can be concluded that

decreased velocity, especially, in laminar flow regime, lead to increased droplet sizes
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of feed through a coalescer. Similarly, increased velocity, especially in turbulent

flow regime, does not favour coalescence of droplets of feed because of lower

residence times.

Phase ratios had effect on the sizes of the droplets of the feed. The higher the amount

of organic in water, the larger is the sizes of drops of the feed size. However, phase

ratio had no effect on the droplet size formation through a coalescer. It only has

effect on sizes of the droplets of the feed

The nature and type of coalescing medias are very critical to coalescence of droplets

of feed and this was seen earlier when fibreglass was the best performing material

followed  by  polyester  I  and  then  polyester  II.  In  addition,  the  higher  the  packing

density, the better is the coalescence of droplets.

In future development, stable emulsion could be made by using suitable

surfactants/emulsifier and organic component which could make the emulsion stable

if offline measurements are used .Due to emulsion instability, only the smaller sized

stable drops mostly less than 10µm were sampled and measured. The conduit of the

coalescer was quite small making only small exposure area available for the Prost

imaging device. Smaller exposure area led to the capture of fewer drops (in most

cases, about 5 large drops) by the Prost imaging device and this was one reason why

it was not used. At least 100 drops were required for each measurement.

This project could be developed further with different interesting known and

unknown coalescing materials. Similarly, clearer emulsion could be made by adding

addictives which add colour to the emulsion to reduce the effect of turbidity.
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8. Appendices

                                                                                                  Appendix  1

Flow conditions in the static mixer: 0.5 L/min (8,3*10-6 m3/s)

Flowrate,

(m3/s)

Uo(m/s) Re We d

(µm)

P

(kPa/m)

8,3×10-6

(0.5 L/min)

0,17 348,1 2,1 739

Flow conditions in static mixer: 3.5 L/min (5,8*10-5 m3/s)

Flowrate(m3/s) Uo(m/s) Re We d

(µm)

P

(kPa/m)

5,8×10-5

(3,5 L/min)

1,16 2,4×105 101 398 320,6

Flow indicators:3% Organic & 97% aqueous phase for

 8,33×10-6-5,83*10-5 m3/s (0,5-3,5 L/min).

Type Flow ranges (m3/s)

FID 2,50 × 10-7-1,75 x 10-6  (0,015-0,105 L/min)

FIA 8,06 ×10-6-5,65 x 10-5 (0,485-3,395 L/min)

FIC 8,33 ×10-6-5,83 x 10-5  (0,50–3,5 0 L/min)

D-dispersed phase

A-aqueous phase

C-aqueos phase and dispersed phase  through coalescer.
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                                                                                 Appendix 2

Flow indictaors: 20% Organic & 80 % aqueous phase at

 8,33 × 10-6-5,83 × 10-5 m3/s (0,5-3,5 L/min)

Type Flow range(m3/s)

FID 1,67×10-6-1,16 × 10-5 (0,1–0.7 L/min)

FIA 6,67 × 10-6-4,66 × 10-5 (0,4-2,8 L/min)

FIC 8,33 × 10-6-5,83 × 10-5 (0,5-3,5 L/min)

D-dispersed phase

A-aqueous phase

C-aqueos phase and dispersed phase  through coalescer.

Volume required for 3 % organic phase &

97 % aqueous phase at flowrate 8,33×10-6-5,83×10-5 m3/s (0,15-0,05 m3).

Type Volume (m3)

VD 4,50 x 10-4-3,15*10-3

VA 1,46 x 10-2-0,102

VC 0,015 – 0,105
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                                                                                     Appendix 3

Volume required during for 20 % organic phase&

80 % aqueous phase for flowrate 8.33*10-6-5.83*10-5 m3/s (0,015-0,105 m3)

Item Volume (m3)

VD 0,003–0,021

VA 0,012–0,084

VCC 0,015 – 0,105

Range of flow velocities for flowrate

8,33×10-6-5.83×10-5 m3/s  (0,5-3,5 L/min)

Equipment Range of velocity (m/s)

Static Mixer 0,17- 1,16

Coalescer 0,000833 – 0,07

Pump Capacities for Dispersed and Aqueous Phase during 30 minutes Operation

time

VD  Range (m3) VA Range (m3) .

AV (m3/s)
.

DV (m3/s)

4,50×10-4-3,15×10-3 1,46×10-2-0,102 8,1×10-6-5,67×10 -5

(0,49–3,4 L/min)

2,5×10-7-1,75×10-6

(0,015–0,105

L/min)

0,003–0,021 0,012–0,084 6,67×10-6-4,67×105

(0,4–2,8 L/min)

1,67×10-6-1,17×10-5

(0,1–0,7 L/min)
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                                                                                                  Appendix  4

          Equipment list

Equipment DE

[m]

HE

 [m]

LE

[m]

V×10-5

[m3/s]

dh

[m]

Le

[m]

WE

[m]

Aqueous

Tank

0,53 0,53

Organic

Tank

0,32 0,32

Aqueous

Pump

5,67

Organic

Pump

1,17

Static

mixer

0,008 0,83 0,0021 0,027

Coalescer

Device

0,5 0,5
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                                                                                                    Appendix 5

   Variations in feed sizes for 25% organic phase

25% organic in water

Material Drop size of feed, [µm]

39,6 kg/m3 fibreglass 2,46

60 kg/m3 fibreglass 3,2

80 kg/m3 fibreglass 2,43

42 kg/m3 polyester I 3,33

46 kg/m3 polyester II 2,74

Average value 2,83

Standard deviation 0,37

   Variations in feed sizes for 33,3 % organic phase

33,3 % organic in water

Material Drop size of feed, [µm]

39,6 kg/m3 fibreglass 2,46

60 kg/m3 fibreglass 2,45

80 kg/m3 fibreglass 2,43

42 kg/m3 polyester I 3,65

46 kg/m3 polyester II 4,39

Average value 3,07

Standard deviation 0,8
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  Variations in feed sizes for 50% organic phase

50% organic in water

Material Drop size of feed,

[µm]

39,6 kg/m3 fibreglass 2,15

60 kg/m3 fibreglass 3,76

80 kg/m3 fibreglass 2,15

42 kg/m3 polyester I 4,37

46 kg/m3 polyester II 3,72

Average value 3,23

standard deviation 0,9
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