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Abstract

Separation of produced well-stream into liquid free gas and gas free liquid can be carried out in gravity phase-
separators. Separators work on the principle that the different components have different densities thereby
separates when retained for some time in the separator. Different types and configurations of separators are used
for different purposes. This work reviews the gravity phase separators which include their sections, internals,
and classification, mode of operation as well as their design and sizing. Due to the complexity of the separators,
this review will focus on horizontal gravity three — phase separators since they constitute the bulk of commercial
units. The paper finally discussed the deficiencies of current models used in sizing three — phase separators and
provide appropriate suggestions for improvements respectively. It is believed that once these improvements are
made in three-phase separators, there will be fewer emissions during gas flaring and also a great reduction of
hydrocarbons in wastewater thereby greatly reducing the cost of wastewater treatment.
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INTRODUCTION - Acid gases such (e.g. hydrogen sulphide and
Oil production can be categorised into primary, carbon dioxide) can form a corrosive mixture
secondary and tertiary based on the recovery with water that will damage or increase the cost
mechanism. In primary oil production, hydrocarbons of downstream equipment

naturally rise to the surface due to the high pressure - Failure to remove water will increase a number
contained underground. Secondary and tertiary (also of materials to be shipped and hence greatly
known as Enhanced Qil recovery methods) deal with increase cost. (Wright, 1966)

the injection of gas, oil, water or chemicals into the

reservoir to displace the oil. Injected fluids interact  The Significance of this work is to contribute to the
with the reservoir to create conditions that will favour  adequate understanding of three-phase separators. It
oil recovery through lowering the interfacial tension, gives a general review of phase separators and then
reducing oil viscosity, modifying the wettability of the ~ concentrated on three-phase separators and would
reservoir and supplement the depleted natural energy  greatly aid novice engineers willing to specialise in
present in the reservoir. phase separation. The study also provides suggestions
for improvements on the current state of three-phase
The complex mixture of fluids in the reservoir is  separators in order to provide better phase separation
forced to flow through the production piping to the and minimise hydrocarbons thereby reducing costs

surface passing through different temperatures and  associated with wastewater treatment.

pressures where dissolved gases may evolve from the

liquid. Similarly, emulsions are formed due to the  The Separator and Its Classification
turbulence and agitation created by the flow. Initial  Produced fluids are directed to a mechanical device
separation of this mixture is the first step after the  known as the separator that separates the mixture into
well head and failure to do so can cause problems different phases in order to avoid the problems
downstream, such as; mentioned above. Separators have been used for
- Pipe blockages: When water gets in contact with  decades in the oil and gas industry, therefore, this
some hydrocarbon components at low  work is aimed at providing a review of the three-phase
temperature and high pressure, hydrates can  separators which includes, their sections, internals,
form. classification, mode of operation as well as their
- Equipment malfunctions and breakdown: design and sizing. Due to the complexity of the
Downstream equipment often requires gas free  separators, this review will focus on horizontal gravity
liquid or liquid free gas for normal operation. three — phase separators since they constitute the bulk

of commercial units.
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Separators are generally classified according to their
geometric configuration as; vertical, horizontal and
spherical, and their function; two — phase and three —
phase. The separation of oil is usually done in a series
of stages because the feed of separators usually comes
directly from a producing well and hence has a high
pressure. Therefore, separation starts at a high
pressure where the gas phase is separated from the
liquid continuous phase. The liquid stream gis then
passed to the medium pressure separator where more
gas is separated and finally to a low-pressure vessel
where more gas is separated and then the water from
the oil.

Whether vertical, horizontal or spherical, separators
work based on common principles. The basic
difference is that separation process takes place
perpendicular to flow directions in horizontal
separators whereas it occurs concurrently to flow in
vertical separators. (Saeid et al., 2006; Arnold and
Stewart, 1998)
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Figure 1: Droplets and bubbles settling and rising
paths in horizontal and vertical separators

SECTIONS OF A SEPARATOR

Separators are spilt into three different sections based
on their design. These are;

Inlet / Diverter Section

This is also known as the primary separation section.
It is where the initial bulk separation takes place.
Fluid entering the separator hits the inlet diverter and
thus undergoes a sudden change in momentum. This
result in a sudden change in direction in horizontal
separators or some form of centrifugal force in
vertical separators which causes separation of the gas
from the oil due to gravity forces. Oil has been denser
settle to the bottom of the separator while gas rise to
the top, the liquid flows to the gravity section.
Examples of inlet diverters used include diverter
plates, cyclones, and vane distributors. Inlet diverters
are further explained in the vessel internal section of
this work.
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Gravity Settling Section

In this section, liquid droplet entrained in the gas that
was not separated by the inlet diverter separates out
due to gravity forces and fall to the gas — liquid
interface. This occurs due to the large velocity
gradient in the axial direction of the fluid and the
difference in densities. The liquid move to the liquid
collection section whereas the gas flows to the mist
extractor. (API, 2008)

Liquid Collection Section

The liquid collection section is located at the bottom
of the separator. Sufficient retention time is required
in the liquid collection section to enable small-
entrapped droplet of gas to coalesce and form bigger
droplets that rise to the gas continuous phase. The
liquid collection section also provides surge volumes
for intermittent slug flow to prevent the separator
from choking. Retention time in the liquid collection
section for liquid — liquid separation is often longer
than that of gas — liquid. (Arnold and Stewart, 2008)

Mist Extractor

The mist extractor removes very fine droplets that did
not separate out from the gas stream in the gravity
settling section before it exists the separator. It
contains elements that provide a large surface area,
which helps to coalesce the small liquid droplets as
the gas, pass through it (API, 2008)

Separator Internals

According to the efficiency of gas/liquid separators
can be greatly enhanced through properly designed
vessel internals. This internals reduce the size and
weight of the vessel thereby lowering the overall cost.
During operation, vessel internals protects the
processing system from contamination. Similarly,
they reduce the cost of operation related to; chemical
usage and downstream equipment (pump, compressor,
heat exchanger, etc.) breakdown and cavitation. Most
importantly, thewell-designed internals capture free
liquid in the gas stream ensuring minimum valuable
liquid hydrocarbon loss. The following are common
vessel internals used in three-phase separators.
(Grave, et al., 2014)

Inlet Diverters

Inlet diverters are used in phase separators to
redistribute the incoming fluid and create an even
mass flux along the flow direction. In order to
enhance separation, it is essential to improve the flow
distribution near the inlet nozzle. Due to this reason,
more complicated inlet diverters have been developed
to absorb the momentum of the incoming stream and
at the same time introduce pre — separation effect. (Lu
and Greene, 2009) Some examples of inlet diverters
and their mode of operation is explained below;
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Diverter Plates

A diverter platediverts/changes the flow of fluid
causing a sudden change in momentum. It could be a
flat plate, a cone or a dish. Since liquid possesses
more energy than the gas, it does not change direction
as quickly as the gas and therefore hits the diverter
plate. The gas, on the other hand, will flow around the
diverter plate to the gravity settling section. The
geometry of diverter plates can vary depending on the
properties of the fluid to be separated. However, it
should be able to withstand the forces acting on it.

Cyclone

Unlike most other inlet devices, cyclones are partially
submerged in the liquid phase. They are used in both
horizontal and vertical separators particularly when
there is aneed for foam reduction and high capacity
energy dissipation. Cyclones use centrifugal force to
disengage the oil and gas rather than mechanical
agitation. These devices use inlet nozzles sufficient to
create a fluid velocity of about 6m/s around a chimney
with a diameter no longer than two — third that of the
vessel’s diameter. They have the advantage of
reducing foaming and emulsification problems
however their design is rate sensitive and hence don’t
work properly at low velocities. (Rahimi, 2013;
Arnold and Stewart, 2008)

Vane distributor

Vane distributors are inlet devices suited for top entry
only. A simple dual vane operates by dividing the
inlet stream into two segments using curved vanes.
The gas phase readily disperses along the vessel while
the velocity of the liquid phase is reduced and directed
to the vessel’s wall and falls into the liquid collection
section. Vane distributors have the advantage of
reduced agitation thereby gives improved phase
operational performance, more stable level control
and foam reduction. (Rahimi, 2013)

Slotted Tee Distributor

This device consists of a horizontal pipe fixed
perpendicular to a vertical pipe that extends into the
vessel. It is sized to ensure a reduced feed stream
velocity and flow turbulence. This type of device can
be used for both horizontal and vertical separators
with top entry (Rahimi, 2013)

Level Controls

These internals are used to control the liquid level
within a specified limit to ensure adequate liquid
retention time and cross sectional are for gas flows.
Typical examples include float, a displacement
sensor, oil bucket, water bucket and weir. The table
below gives the advantages and disadvantages of the
different level controls wused (Manning and
Thompson, 1995)

Table 1: Advantages and Disadvantages of level
controls

Level control Advantages Disadvantages
Float and 1. Can be used to 1. Failure will lead to
Displacement vary  retention liquid  discharge
sensor volume easily through water
2. Does not outlet
accumulate sand 2. Interface level

or solid deposits control is difficult

3. Separators with 3. Small drop in oil
these internals level can cause
are easy to clean gas entering oil

outlet

Weir Plate Can be used to 1. A portion of the

vary retention vessel is wasted
time easily since  separation
2. Easier to control stops at the weir
oil water 2. Emulsions can
interface make interface
control impossible
Bucket and Weir 1. If level control 1. Requires more
fails only that internal baffles
liguid and gas 2. Difficult for
exits the vessel cleaning
2. Only float 3. More vessel space
control is used is wasted
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Vortex Breaker

Separators are often equipped with vortex breakers to
prevent whirlpools or vortices that can be formed
when the liquid is leaving the vessel. A vortex could
suck gas downwards into the liquid outlets, which
decreases the efficiency of the separator. Vortex
breaker prevents the liquid from having a circular
motion thereby removing any tendency to form
vortices.

Sand Jets and Drains

Sand jets and drains are installed in horizontal
separators to remove deposited sand and solids at the
bottom of the separator. If allowed to build up, sand
and solids can take up vessel volume and hence upset
the performance of the separator. When cleaning the
separator, the jets are opened and high-pressure fluid
is pumped to displace and flush out the solids down
the drain. Sand pans and troughs are sometimes used
to cover the outlet in order to prevent the drains from

clogging.

De-foaming Plates

The performance of a separator can be severely
degraded in the presence of foam. Often, foam is
stabilized through chemical addition at the inlet.
However, a more effective way to control foam is by
using inclined parallel plates or tubes closely spaced
together. De-foaming plates provide additional
surface area that breaks up the foam into liquid layer.

Wave Breakers

Wave breakers are also known as perforated baffles
and can be a single plate with evenly distributed
holes, double plates with varied hole size or a
combination of full or partial baffles properly spaced.
They are placed perpendicular to the flow direction in
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the liquid collection section. Internal waves caused as
a result of themotion of the foundation for vessels
mounted on floating surfaces and from thesurge of
liquid entering the vessel must be eliminated to ensure
proper functioning of the level controls, level
switches, and weirs. (Arnold and Stewart, 2008)

Mist Extractors
According to Smith (1987) liquid can be effectively
removed from the gas phase in an oil and gas
separator by a well-designed mist extractor.
However, condensable vapours in the gas phase
cannot be removed by mist extractors. Many types of
equipmentare used for removing liquid droplet and
solid particles from the gas stream. Before selecting a
mist extractor for a vessel, it is important to evaluate
the following factors;
i. Droplet size to be removed by the mist
extractor
Pressure drop require for the separation
process
Presence of solids
The separators liquid handling capability
Cost of the extractor and availability of
materials for its construction

For a mist extractor to work properly, it must be
designed to capture, remove and drain droplets in the
gas stream. Hence it is very important to define the
droplet size to be removed. These internals should be
designed to keep the capital and operating cost of the
system as low as possible. The following are the most
common types of mist extractors used in three phase
separators;

Wire mesh pad

These are the most common types of mist extractors
due to their high efficiency. They are knitted wire
(like cloth fibre) with high surface area and void
volume. These devices are constructed with wires of
diameter between 0.10 to 0.28mm. Wire mesh pads
are inexpensive and if properly sized can remove
100% of liquid droplets larger than 10 microns.
However, they are not the best option in streams
containing solids.

Vane packs

Vane packs are devices that consist of closely spaces
corrugated plates used to force mist-laden gas to
follow a serpentine path. They are less efficient than
wire mesh pad but offer more resistance to ploughing.
These devices are preferred in streams with high
vapour velocities, foaming, waxy and viscous liquid
or slug of liquids. Vane packs can be made using
metal or plastics. The installation of vane packs
should be designed to allow sufficient access for
inspection, cleaning, and maintenance. Minimum
inner diameter of 0.6 and 1.5m is recommended for
vertical and horizontal separators with vane pack
demisters (Rahimi, 2013)
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Demisting cyclone

This class of extractors uses centrifugal force for the
separation of liquid from the gas stream. They might
be more efficient than wire mesh and vane packs and
at the same time are susceptible to ploughing. a
limiting factor to the demisting cyclones is there
sensitivity to small changes in flow. Likewise, a large
pressure drop is required to create the centrifugal
force. (Arnold and Stewart, 2008)

CLASSIFICATION OF SEPARATORS
Two-phase Oil and Gas Separation

This process is used to separate the gas stream from
the bulk hydrocarbon stream at a specific temperature
and pressure. Proper selection and design of two-
phase separators are required since this stage is the
first processing stage in any facility. Improper
separator design can bottleneck and reduce the
production of the whole facility. Different types of
two — phase separators are used for different
applications. Two-phase separators can be either
vertical, horizontal or spherical as explained below;

Vertical Two — Phase Separator

Vertical separators are used for separating streams
with low gas — liquid ratios. They are also better for
handling streams with sand and other sediments. The
inlet to the vertical two-phase separator is through the
side. The inlet stream hits the inlet diverter that causes
the initial gross separation. Gravity forces divert the
liguid downward to the liquid collection section
containing no internals apart from a still well for the
level control float. At equilibrium state in the liquid
collection section, entrained gas in the liquid is
evolved counter current to the liquid flow to the gas
phase. The liquid finally leaves the two-phase vertical
separator through the liquid dump valve that is
regulated by the controller which senses changes in
the liquid level. The gas phase flows through the mist
extractor where small oil droplets entrained in the gas
phase coalesce and drop out.

Horizontal — Two-phase Separator

Horizontal separators are normally operated half full
to maximise the gas disengagement area. They are
preferred in separating streams with high gas — liquid
ratios and for foaming crude oil (Arnold and Stewart,
1998). A mixture of fluids enters separator and hits
the inlet diverter causing the liquid droplets fall to the
bottom of the separator. The liquid is held at the
bottom of the separator for some time to allow the
entrained gas droplets to rise out of the oil to the
vapour phase. The liquid collection section provides
slug and surge volumes to handle the intermittent flow
of liquids.

Spherical Two — Phase Separator

These are ball — shaped separators designed for small
production platforms that operate at moderate
pressure. They are suitable for use in crowded
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platforms due to their compactness and ease of
transportation. Spherical separators are less efficient
than horizontal or vertical separators because of their
limited liquid settling section. They are difficult to
design and fabricate and hence are seldom used in
oilfield separation processes. (Francis et al., 1995)
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separators operate in a very similar way to their two-
phase counterparts. The major difference between the
two is that more residence time is required in the
liquid settling section to allow the heavy phase to
settle out and the light phase to rise to the top of the
liquid phase. This residence time is usually enough to
allow the gas bubbles to separate from the liquid
phase.

Mixed phase
inlet

Inlet device

Two liquid
phases Coalescer

=3 Collected mist drain
1] Inlet liquid/gas distribution zone

[2] Liquid inlet compartment

[3] settling compartment

[4] Light phase drain compartment
[5] Liquid/gas fine separation zone

Vapor & Mist flow

Another difference between two and three-phase
separation is that, during three-phase separation, a
layer is usually formed between the oil and water
continuous phases. This layer forms an emulsion
which sometimes can make interface control difficult.
This case can be seen in all types of three-phase
separators be it vertical, horizontal or spherical. Due
to this reason, it is important to understand how
emulsions are formed, its stability and treatment.
Emulsions have been reviewed but are not reported
here due to page limitation

Three-phase Gas, Oil and Water Separation

The principles of operation of two and three-phase
separators are the same. Two phase separation of
liquid and gas is applicable to the separation of the
gas phase from the liquid phase in three-phase
separators. However, in three-phase separators, the
liquid phase is separated into light and heavy liquid
phases. This separation is again achieved due to
gravity forces. The lighter phase usually oil rises to
the top of the liquid phase while the heavy phase
which is the water settles at the bottom.

4 bank
Liquid / Gas
separator

Vapor
Outlet
Foam Breaker

1

/,
4
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= Hydrocarbon

Hydrocarbon
Outlet

Aqueous
Outlet

Aqueous
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Figure 2: Three-Phase Separator (Free Petrochemical EBook, 2017)

It is also important to point out that the weir in
horizontal three-phase separators is designed to
prevent the water phase from exiting through the oil
outlet unlike in horizontal two-phase separators where
weirs are installed to prevent basic sediments and
water from exiting through the oil outlet during
cleaning operations.

Separator Sizing

Separator sizing requires the review of the different
factors to consider when designing a separator, these
factors tell the design engineer how to set the
separating conditions such as temperature and
pressure, the type of configuration to use and other
important decisions to make when selecting the
appropriate separator for a given condition. Below is a
list of the most important factors to consider.

Factors to Consider when Sizing a Separator

The following factors should be considered when

sizing a three-phase separator.

-Operating Temperature: This determines the type of
material to be used for the vessel. Three-phase
separators should be constructed from expensive
material alloys to withstand the high operating
temperature. High pressure signifies the vessel
shell should be designed to support the high load.
Similarly, the temperature was found to play a
significant role in the corrosion of carbon steel in
the presence of carbon dioxide and hydrogen
sulphide. The increase in temperature was found
to increase the rate of corrosion in carbon steels,
where a maximum was recorded at 40° by Yameng
et al., (2014), a gradual decrease was then
observed with increasing temperature. The
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increase was attributed to increasing in hydrogen
ion concentration and diffusion enhancement of
corrosive species while the decrease was due to
high transport resistance of corrosion film as the
temperature increase. (Jepson and Bhongale, 1996;
Yameng et al., 2014)

Physical properties of the fluid: Physical
properties of the fluid such as density and
viscosity are important factors to be considered
when sizing a separator. Fluid with higher density
difference and low viscosity will require less time
for the phases to separate as compared to lower
density and less viscous fluids.

Gas and liquid flow rates: The phase’s flow rates
of the inlet stream are an important factor to
consider when sizing a three-phase separator.
Higher flow rates will result in lesser residence
time of the fluid in the vessel. Therefore, flows
with high flowrates will require larger diameters to

Table 2: Road transport dimensions

prevent liquid re-entrainment in the gas phase
(Elhaj and Adli, 2014).

Cost (capital and operating): The oil industry as
with all other industries aims to recover as much
oil at the cheapest cost possible. Therefore, the
cost is a very important factor to consider when
designing a separator. The cost is greatly affected
by the shape and dimension of the separator and
equally the material used in fabricating the
separator.

Logical and Geometrical constraint; Separators have a
maximum size constraint due to handling and
transportation. These limits are set to ensure the
equipment are easily manufactured and safely
transported to the necessary operation sites in the
most economical manner. Below are some of the
reported separator size constraints;

Process Equipment Report
(Loh, Lyons and White, 2002)

UK Government (Revenue

US Department of Transport

and Customs)

Diameter (m) 423 e e
Height(m) e 4.95 4.27
Width(m) - 2.90 2.60
Length (m) 24.70 18.75 18.14
Weight (kg) 27000 44,000 37,000
Axle Loading (kg) = -------- 11,500 15,000
problems should be identified prior to separator
- Re-entrainment: This refers to the process design to ensure the separator is designed to

whereby liquid droplets that settle from the gas to
the liquid phase breaks away from a gas/liquid
interface to become suspended in the gas phase.
Re-entrainment is caused by waves and ripples
that form due to high velocities because of
pressure variations causing disturbances in the
two-phase interface zone.

For proper separation, re-entrainment must be
avoided. Thus, an upper limit is set on the gas
velocity allowed across the liquid surface in the
gravity settling section of the separator and a
lower limit on the cross-sectional area for the gas
flow. This limitation restricts the vessel design by
a combination of minimum vessel diameter and
maximum vessel liquid level since these determine
the cross-sectional area. (Viles, 1993).

Effects of multiphase flow regimes: Multiphase
flow regimes in pipes can cause plug and slugs
resulting in anintermittent flow of liquids into the
separator. As liquid flows in flow lines and
pipelines, it tends to accumulate in low spots of
the lines. At time s when the liquid level is high,
the gas pushes the liquid along the line as a slug.
Two phase flows through a horizontal pipe could
also be bubbly, annular, stratified, annular with
mist or wavy flow.

Depending on many factors such as the fluid
properties, flow rates and so on, liquid slugs may
contain alarge volume of liquid. Slug and surge
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handle these differences in flow. Failure to do that
will cause frequent alarm trips and eventually shut
down. In cases where slug volume is so great, it is
beneficial to install a slug catcher upstream of the
separator.

The presence of impurities: Impurities such as
sand can be very troublesome in separation
processes by causing blockages in separator
internals and accumulation in the bottom of the
separator. Separators are usually designed with
sand jets and drain for cleaning and flushing out
impurities (Arnold and Stewart, 2008).

Foaming tendencies: Different hydrocarbon
mixtures exhibit different foaming tendencies and
waxing. Mostly, chemicals are injected into the
separation process on a just in case basis in order
to solve the foaming and waxing effect of crude.
(Kassa, 1995; Yang et al., 1996).

Corrosion tendencies: Produced well fluids can be
very corrosive and hence cause early equipment
failure. Well, stream that contain water and oxygen,
carbon dioxide and or hydrogen sulphide are
considered corrosive. Hydrogen sulphide and carbon
dioxide are acid gases in the presence of water.
Corrosion effects are reasonably controlled with
chemical inhibitor treatment and internal coatings on
all exposed metal surfaces. According to API (2008)
the extent of corrosion with respect to carbon steel can
be determined based on the following guidelines;



Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 8(3):143-153 (ISSN: 2141-7016)

Table 3: Guidelines for predicting corrosiveness of flow stream

Gas in natural brine Non — corrosive Requires consideration Corrosive
Oxygen < 0.005 ppm 0.005 — 0.025ppm >0.025ppm
Carbon dioxide < 600 ppm 600 — 1200 ppm >1200 ppm

Hydrogen sulphide

No lower limit. Any presence of H,S should be considered corrosive

Selection Criteria

Selecting the right geometry for separation process is
very essential. Therefore, having considered the
different factors stated above, a new table was put
together which gives a summary of the different phase
separator configurations for ease of comparison
between the three different separator geometries. Each
separator type has its advantages and disadvantages
depending on its geometry (see Table 3).

Table 4: Summary of phase separator

Separator Geometry Comparison

Often design engineers find it difficult to select the
right configuration for a given separation process. To
remedy this problem, a table is designed that clearly
differentiate  the  three  different  separator
configurations, there functions and advantages and
disadvantages. The table also provides information on
other factors such as the separation efficiency, cost,

maintenance and inspection among others.

Function Vertical Horizontal Spherical

Usage Vertical separators are used when  This configuration is used for streams  Spherical separators are small
the gas-oil ratio is low, when sand,  with high to medium gas-oil ratio and  leases operating at moderate
paraffin or wax are present and for flow streams with large volume of  pressure they are used for low or
when ease of level control is gasand /or liquids intermediate gas-oil ratio
desired

Cost Expensive to build Less expensive compared to other They are the most expensive to

configurations build

Cleaning Easier to clean than horizontal Most difficult to clean because sludge  Much easier to clean than the
vessels have lomger length to settle other configurtions

Gas / Liquid Capacity Handle streams with large liquid Handle streams with large gas Poor gas/liquid capacity
capacity capacity

Surge Space Good surge space

Limited surge space

Least surge space

Separation efficiency Less efficient

Best

Least efficient

Handling of foaming oil ~ Vertical separators have a less

tendency to handle foaming oil

The best separator to handle foaming
oil is a horizontal separator

Spherical vessels perform poorly
with foaming oil

Liquid level control Liquid level control is not critical

Its more critical to control liquid level
in horizontal separators

Liquid level control
critical

is very

Maintenance & Difficult associated with height Horizontal vessels are much more Average to maintain

inspection hazards accessible

Installation Difficult to install due to height and  Average and not as difficult as It’s the easiest to install among
needs stronger mounting base vertical separators the three configurations

Advantages Vertical separators save space uses Horizontal separators require less Spherical separators have the

their full diameter for gas flow at
the top and have less tendency for
liquid re-vaporization into the gas
phase.

piping for field connections and can
handle foaming crude as it reduces
turbulence and foaming. Also, space
requirements can be minimized as
several separators can be stacked
together

advantage of easy shipping and
installation due to its compact
size.

Disadvantages Vertical separators require bigger
diameter separator for a given gas
capacity which results in high

capital and transportation cost.

Liquid level control is more critical in
horizontal separators compared to
vertical separators and are more
difficult to clean when wax, paraffin,
and sand are deposited at the bottom
of the separator.

Spherical separators are
expensive to build and very
difficult to use especially for
three-phase separation due to
having very limited liquid settling
section.

Rules for Selection Criteria

Having understood the factors to consider when sizing
a separator as well as the functions, advantages, and
disadvantages of each separator configuration, the
following criteria (questions) can be used when
selecting a separator. These questions or rules are
developed for the first time and will greatly ease the
process of selecting the appropriate separator. The
rules are;

Step 1: What is the purpose of the equipment?
Different types of separators are used for
different purposes. The following table is
used as a guide to selecting the right
equipment for a purpose.

Step 2: What will be the application of the separator?
This could be low temperature separators,
test separators or production separators
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Table 5: Different types of separators and their purposes

Type of Separator Purpose
Phase Separator Separation of mixed stream coming directly from an oil or gas well
Scrubber These are designed for streams with high gas/liquid ratios for the separation of small liquid droplets

from a gas phase.

Free water knockout

Separation of hydrocarbon phases from a high water cut stream

Flash Chamber

Used for subsequent phase separation to process liquid hydrocarbons flashed from a separator.

Step 3: What are the properties of the fluid? Are there

any impurities?
This is where the designer considers the
temperature, pressure, density and viscosity
of the stream. The droplet size to be removed
or retention should also be considered in this
step

Step 4: How many phases will be separated?

This step is strongly dependant on the stream
properties. The separator could be a two or
three-phase separating gas from liquid or
separate gas, oil, and water.

Step 5: What is the composition of the well-stream?
All things being equal, a horizontal separator
should be used for high to medium gas-oil
ratio streams whereas, a vertical separator
should be used for streams with low gas-oil
ratio and when sand, paraffin or wax are
present.

Step 6: Are there any restrictions such as space or
cost?

Final step deals with restrictions such as cost and
space. Horizontal separators are less
expensivehowever, occupies more space whereas
vertical separators are totally opposite when it comes
to cost and space,

Based on these questions, the following block
diagram in Figure 3 could be used;

Purpose: Application;

Scrubber, Knockout vessel,
separator and flash chambers

Test separators, Low
temperature separators,
Production separators.

!

Properties of stream;
Temperature
Pressure
Density
Viscosity

l

Number of phases;
2-phase
3-phases

l
Shape;
Vertical cylinder,
Horizontal cylinder,
spherical cylinder

l

Constraint;
Cost
Space

)
Figure 3: Block diagram for selection criteria of a
separator
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Separation Theories

Several models have been developed for the design
and sizing of phase separators. These models were
built based on two separate underlying theories
namely droplet settling theory and retention time
theory. Both theories will be discussed in brief before
reviewing the various models.

Droplet Settling Theory

This theory is based on the premise that a droplet of
liquid of given diameter/size will take a fixed finite
time to settle a known distance in each continuous
fluid. It is assumed that particles/droplets are spherical
in shape and settle through a stagnant continuous
phase due to gravity forces.

In a gravity separator, entrained liquid tends to fall
concurrent to the gas flow due to gravity. Each droplet
accelerates because of its negative buoyant force until
this force is equal to the droplet’s drag force.
Acceleration goes to zero at this point and the droplet
reaches its terminal velocity. Separation or
entrainment is determined by this velocity. If the
velocity is slightly less than the gas flowing velocity,
then the droplet will be carried along with the gas. On
the other hand, if the velocity slightly exceeds the gas
flowing velocity, the droplet will settle and separate
out from the gas.

Buoyant force is an upward force exerted by the fluid
which opposes the weight of the droplet, it depends on
the droplet volume and the densities of the droplet and
the continuous phase. The drag force is the resistance
force caused by the motion of the droplet through the
fluid, it depends on the droplet’s cross sectional area
and velocity relative to the gas, and the gas velocity
and density. The drag coefficient for spherical
droplets depends on the Reynolds number for flow
around the droplet.

Fp = {f—"T - Pg }dmp{et volume 4)
4 Dy
droplet volume = En (;:I ®)
4 (D
F=(a- Py }Eﬂ-’ (E) (6)
1_:!':
Fp=0Cp HD."JQ 5 (7)
c 2t : 0.34 8
D_RE+RED'5+ ' ®

For low Reynolds numbers, Stokes law applies and
the last two terms of eq. 8 can be neglected. By
equating equation 6 and 7 and setting CD = 24/Re, the
terminal velocity can be rewritten as;
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In flows with high Reynolds number (Re>10%)
Newton’s law applies. In this case, the Drag
Coefficient is independent of the Reynolds number
and the first two terms from equation 8 can be
neglected, hence CD is set to be a constant of 0.34.
The terminal velocity can then be computed as;

A — Py
U, = 0.0204

0.5
o )d ]
Pq "

Neither of these extreme situations is valid for gas —
liquid separation problems and therefore the complete
formula for drag coefficient as stated in equation (8)
should be used.

(10)

Svrcek and Monnery (1993 and 1994): This model
was based on droplet settling theory. A detailed
description on how to size a two and three-phase
horizontal and vertical separators was explained by
Svrcek and Monnery (1993 and 1994). This model is
an iterative process. For proper separation in the
secondary section of the vessel, the allowable velocity
must be calculated to determine the disengagement
area. By equating the drag force and the gravity force
the terminal velocity is obtained as shown in equation
10. Vertical velocity is set to be 0.75 times the
calculated terminal velocity for the droplets to settle.
Equation 10 above can be rearranged to a Saunders —
Brown equation as in (12)

| —
_ !I 4g Dr_, (p;_ Py ) (11)
N

T

3Cop
(12)

(13)

K= |
ﬂ\l acﬂ

The vapour disengagement area is set by guidelines as
a minimum of 0.2 times the diameter and the length
required for holdup and surge, liquid / liquid and gas /
liquid separation is calculated. The settling velocity
and settling times are then calculated. The actual
residence times are calculated and compared with the
required settling times. In cases where the residence
times are less than the required settling time, then the
diameter is increased or for a given diameter, the
length is increased.

The minimum length for vapour / liquid separation
(Liin) is compared with the sum of the minimum
length required for holdup and surge and the length to
facilitate liquid — liquid separation (L = L;+L,). If L is
less than Lmin, then L is set equal to Lmin, if L is
much less than Lmin, then the vapour space height is
increased and the calculation should be repeated. If L
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is greater than Lmin, the design is acceptable and
finally, if L is much greater than Lmin, then the
vapour space height is reduced and the calculation
should be repeated.

Iterative and Computational Fluid Dynamics Models
These models are mostly based on droplet settling
theory but use sophisticated and robust software such
as Fluent, Microsoft excel, Matlab and so on in
modelling the dynamics and hydrodynamics of phases
and flows in three-phase separators to improve the
accuracies of simulations.

Mostafaiyan et al., (2014):  Evolutionary
computational algorithm was developed for this
model with the aim based on optimisation of three-
phase separators to minimise volume. This
optimisation parameter was chosen to support the
design engineer of offshore installations where space
is at a premium. In this model, a well-defined
horizontal three-phase separator was used as a target
design. The separators length, diameter, water channel
length, surge and residence times were manipulated to
meet the target design that has a minimum volume.
New generation designs with minimum possible
volumes were obtained through recombination and
mutation of previous ones.

Retention Time Theory

The retention time theory basically requires a design
that gives the fluid sufficient residence time in the
vessel to separate. It generally requires experimental
data based on batch tests conducted in the laboratory
to determine the time for a well-stream mixture to
separate into various components. If problems such as
foaming and waxing occurs, retention time increase.
Similarly, it also increases as the viscosity or density
of the oil increases. Although batch tests are easy to
perform, they tend to overestimate the time required
for separation to take place given field separators use
water wash and some mixing to accelerate
coalescence and settling of water droplets. Another
weakness of this theory is that it restricts the separator
design unless a significant number of tests are
conducted. In practice, to achieve maximum accuracy
the tests need to be conducted on the actual fluid at
separator operating conditions with similar oil and
water pad thickness (Arnold and Koszela, 1990;
Grodal and Realff, 1999).

Arnold and Stewart (1986): This model is
commonly used in sizing three-phase separators.
Based on this model, the retention time for water
removal from oil and that of oil removal from water
needs to be specified. The dimensions of the separator
can then be determined from equation 14.

d’Lesr = 4200009, (8, ), + Qolt,) ) (14)
This model restricts the slenderness ratio which is the
ratio of the seam to seam length to the internal
diameter of the separator to be within the range of 3 to
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5. Although slenderness ratios outside this range can
be used, the design needs to be checked to avoid re-
entrainment.

Settling and Retention Time Theory

Several models are designed to incorporate both
settling and retention time theories in sizing a three-
phase separator. The models are designed in such a
way that the droplet settling theory is used for the
separation of the gas from the liquid (i.e. settling of
liquid droplets from the gas phase and rising of gas
bubbles from the liquid) while the retention time
theory is used for the separation of the light liquid
from the heavy liquid. When both theories are used to
size a vessel, dimensions (diameter and length) from
both theories are obtained and compared and the
governing theory is chosen from the two. The models
restrict the slenderness ratio to a value of 3 to 5 to
avoid re — entrainment.

Arnold and Stewart (1998): This model was based
on a horizontal separator 50% full of liquid. The first
step uses Settling theory to determine the maximum
diameter of the vessel, achieved from obtaining the
maximum oil pad thickness. The first part of the
separation termed “Gas Capacity Constraint” was
developed by setting the gas retention time equal to
that required for a droplet size of 100 — micron to
settle to the liquid interface. Based on this, equation

15 was developed;
0.5
Pg ] '5-_::-]

_ TEQQ] [( Ly
dLgpr = 345 [—P —&_ ~ )
Retention time is used for the separation of oil from
water. The model developed the following equation,
which is used to determine acceptable combinations
of the vessel diameter and length.

I'-753:5'9;';' = 42X 10° (@t + Qotyo) (16)
Combinations of diameter and length that satisfy eq.
15 and 16 are determined and the governing equation
is chosen from the results. Seam to seam length and
L/D ratio are then determined.

(15)

Comparison between and
Retention Time Theory

Arnold and Koszela, (1987) did a comparison
between droplet settling and retention time theories in
sizing an oil/water separator. They stated that when
sizing a separator, it is important to know which of
the two theories govern the design since the two
design theories will give different dimensions for both
vertical and horizontal vessels. In horizontal vessels
for example, settling theory states that for a given
flow condition, the product of diameter and length is
equal to a constant whereas the retention time states
that the product of diameter squared and length is a
constant. A similar difference can be seen with
vertical vessels. Here, the settling theory states that
the diameter of a vessel is independent of the liquid
height while retention time states that the diameter

Settling  Theory
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changes as the height of the liquid volume changes. In
their work, Arnold and Koszela reviewed two
different sizing charts published by Parkersburg
(1950) and Black, Sivalls and Brynson (1959). They
found out that settling theory “provides a more
consistent scaling technique to describe oil capacities”
than the retention time. Similarly, their work
concluded that the dimensions of a separator that is
sized using the settling theory will be greatly
dependant on the temperature (that is viscosity) of the
oil.

Deficiencies in Three — Phase Separators

The models used in the design of three phase
separators in the oil and gas industries today have
several deficiencies. These models do not provide the
oil percentage output from the separator, do not
provide adequate information of the separator such as
the various liquid level heights, rely on arbitrary table
look ups for constants that are not clearly defined and
more importantly do not consider the economics of
the separator.

Therefore, there is the need to develop a robust model
that will provide all the necessary information the
extant models are lacking. The model should be able
to link the design of the separator to the economic
costs associated with its construction and operation,
provide accurate separator dimensions  with
transparent calculations that do not rely on arbitrary
table look ups and also provide the composition of the
outlet stream.

The model should be to provide separator dimensions
that will be able to cope with the changing field
properties and produce outputs that falls within the
new environmental and political policies thereby
enhancing productivity and profitability to the oil and
gas companies.

CONCLUSION

In conclusion, this paper gives a general overview of
mechanical devices used for the separation of
produced stream into gas, oil and water, known as
three-phase separators. The different sections,
internalsas well as classification of the separators have
also been presented. The review also looked at
separator sizing stating the factors affecting separator
sizing.

Separator geometry comparison table and rules for
separator selection criteria were developed to ease the
difficulties encountered when selecting a particular
separator for a given process.

Droplet settling, Iterative and computational fluid
dynamics, Retention time theory and sometimes a
combination of these theories have been used to size
three phase separators. The theories were found to
produce promising models.
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A Comparison between droplet settling and retention
time theory showed that the two theories were found
to produce different separator dimensions and hence it
is important to know which of the two govern the
separation in models designed by both theories.
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