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Abstract: The treatment of produced water is a major challenge faced by oil and gas industries
worldwide. As a result of the increase in industrial activities, the generation of produced water has
increased significantly. The most commonly used method for produced water oil–water separation is
de-oiling hydrocyclone technology due to its simple construction, compact design, easy maintenance,
and high efficiency. A wide breadth of scientific research studies has been carried out on performance
evaluation, design optimisation, geometric parametrisation, external interventions, etc., to enhance
the performance of hydrocyclones. These studies mostly rely on either experimental data obtained
from the field, in laboratories under a controlled environment, or the application of numerical
techniques for oil-in-water separation. Considering the extensive research studies published on
hydrocyclone technology, this study aims to provide a comprehensive review of recent technological
advancements in hydrocyclone technology in order to identify key areas where scientific research
efforts should be concentrated. This will help make well-informed decisions for strategic investments
in this wide area of research. Furthermore, it will widen the scope of applicability of hydrocyclones
in the industrial sector.

Keywords: produced water; oil-in-water separation; hydrocyclones; Computational Fluid Dynamics;
separation efficiency

1. Introduction to Produced Water

The term Produced Water (PW) refers to the water present in the formations of oil
and gas reservoirs. It is an inherent by-product of natural gas and petroleum extraction. It
comes in large quantities in multiphase flows (oil/solids/water), which can be reused or
disposed of after treatment. During oil and gas exploration, various processes form the
produced water. Initially, the extraction of oil and gas from the reservoir causes a drop in its
pressure, prompting the injection of water into the reservoir to maintain hydraulic pressure
and enhance oil recovery. As the production of oil and gas continues, it reaches a point
where the formation of water eventually reaches the production well, leading to water
production alongside the hydrocarbons. This is referred to as Produced Water, which is
also known as oil-field brine. In summary, produced water can be said to be a combination
of injected water, hydrocarbons, treating chemicals, and formation water [1], and can be
classified as either oilfield PW, coal bed methane (CBM) PW, or natural gas PW, depending
on the origin [2,3]. Oil-field PW accounts for approximately 60% of the daily generated
water globally [2]. During the gas and oil recovery processes, produced water accounts for
the largest amount of by-products generated; it represents approximately 80% of all the
wastewater generated [4], which is projected to be more than 70 billion barrels per year
globally [5]. On a daily basis, approximately 250 million barrels (39 million m3) of produced
water are generated by oil and gas operations around the world, and over 40% of this is
released into the environment [2]. An overview of the generated and discharged amounts
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of produced water is given in [3]. Produced water from natural gas and oil extraction has
no fixed volume; it is dependent on the location of extraction, the exploitation technique
used, and the type and age of the reservoir. Therefore, for a specific reservoir, the volume
of produced water is not constant, and the amount of produced water increases with the
age of the reservoir [6,7].

Due to the growing amount of produced water, which is an inherent by-product
of the extraction of natural gas and petroleum, and ecological concerns associated with
its disposal, the purification of water has become a serious issue [8–10]. The discharge
of produced water into the environment can result in highly negative environmental
effects, especially in the context of UN sustainable development goals 6: Clean Water and
Sanitation, 12: Responsible Consumption and Production, and 13: Climate Action. As a
result, strict regulatory criteria are in place to manage produced water in the environment,
which presents a significant challenge for the global oil and gas industry [11]. According to
Clark and Veil [5], the United States Environmental Protection Agency (U.S. EPA) permits a
monthly average limit of 29 mg/L and a daily maximum limit of 42 mg/L for oil and grease.
The composition of produced water changes during the course of field life production and is
largely dependent on the reservoir’s lifetime, the geologic formation in which the reservoir
is located—also referred to as the field’s geographic position—the history of injected
water, and the type of hydrocarbon product that is produced. In this regard, produced
water is generally considered to have a complex composition [9,12]. The components
of produced water can be broadly classified into the following compounds: formation
minerals, dissolved gases, dissolved and dispersed oil compounds, production solids,
and production chemical compounds. The fundamental elements of the aforementioned
compound categories are summarised in Table 1.

Table 1. Main components of produced water.

Category Main Components

Dissolved and dispersed oils Benzene, toluene, ethylbenzene, xylenes (BTEX), naphthalene, phenanthrene,
dibenzothiophene (NPD), polyaromatic hydrocarbons (PAHs) and phenols [13,14].

Dissolved formation minerals Anions, cations, radioactive materials, and heavy metals [15,16].

Production chemical compounds Inhibitors, biocides, asphaltene dispersants, paraffin inhibitors, defoamers,
emulsion breakers, clarifiers, coagulants, and flocculants [17,18].

Production solids Clays, waxes, bacteria, carbonates, sand, silt, corrosion, scale products, and
formation solids [2,17].

Dissolved gases Carbon dioxide, hydrogen sulphide, and oxygen [19].

Table 2 provides a summary of further essential constituents of produced water
and their typical concentrations. Produced water typically contains the following main
constituents: toluene [20], benzene [13], polyaromatic hydrocarbons (PAHs) [21], total
dissolved solids (TDS) [16], oils and greases (O&G) [22], ethylbenzene and xylenes [23],
naturally occurring inorganic and organic substances [24] such as magnesium, sulphate,
barium, and calcium, which can cause flaking and hardness [25], acids [26], organics [27],
phenols [28], and chemical additives used in drilling, fracturing, and related operations
(additives such as corrosion inhibitors and biocides) [3]. Because the release of produced
water into the environment can have extremely detrimental effects, stringent regulatory
criteria have been developed to manage this produced water [29,30]. This presents an
enormous challenge to the global oil and gas industry.
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Table 2. The main constituents of oilfield produced water and their concentrations.

Constituent Typical Concentration (mg/L)

Total dissolved solids (TDS) 1000–400,000
Total suspended solids (TSS) 1.2–1000
Chemical oxygen demand (COD) 1220–2600
Total organic carbon (TOC) 0–1500
Total oil and grease 2–560
Total organics acids 0.1–11,000
Salinity 5000–300,000,000
Aliphatic hydrocarbons 17–30
C0-C5-phenols 0.4–23
Benzene 0.032–14.97
Sodium 0–150,000
Chlorine 0–250,000
Calcium 0–74,000
Potassium 24–4300
Magnesium 8–6000
Iron 0.1–100
Aluminium 310–410
Toluene 0.058–5.86
Ethylbenzene 0.086–0.57
Naphthalene 0.194–0.841
Boron 5–95
Chromium 0.02–1.1
Lithium 3–50
Manganese 0.004–175
Zinc 0.01–35
Lead 0.008–0.88
Ketones 1–2
Polycyclic aromatic hydrocarbons 0.04–3
Total BTEX 0.73–24.1

2. Oil-in-Water Separation Technologies

The constant exploitation of oilfields has resulted in variations in produced water
properties, for instance, increased water content, serious emulsification of oil droplets, and
increased viscosity. These variations have made the separation of oil-in-water, which is a
significant aspect of treating produced water from oilfields, more difficult. The disposal of
produced water can lead to considerable pollution of the surface, soil, and groundwater,
and danger arises from the lack of proper treatment. Therefore, over the years, researchers
have continued to innovate and develop new techniques to clean produced water [31].
Typically, the most desirable approach is to opt for the most cost-effective technique.
The expense of water treatment is primarily contingent upon the quality of the influent,
price of electricity, capacity of the facility, and targeted quality of the effluent [32]. As a
result, numerous approaches to cleaning produced water have been developed over time
by researchers [31,33]. These approaches can be categorised as biological, chemical, or
physical. Choosing a suitable treatment system that can efficiently separate water and oil
and remove most pollutants from produced water is a difficult task.

The cost of treating water is primarily determined by the influent quality, electricity
costs, facility capacity, and the desired effluent quality [34,35]. The physical separation
method remains frequently employed today due to its many benefits, including ease of
operation, environmental protection, and effective separation. Table 3 provides an overview
of the different physical treatment technologies, along with their benefits and drawbacks.
Al-Ghouti [3] states that there are three primary steps in the physical treatment of produced
water, i.e., pre-treatment, main treatment, and final treatment. The pre-treatment process
removes large oil droplets, gritty particles, and gas bubbles to reduce the dissemination
of pollutants. The elimination of tiny oil droplets and particles is a critical step in the
main treatment phase. API separators, plate pack interceptors, and skimmers are the tools
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used for this purpose. The next phase of the treatment process involves the removal of
minuscule oil droplets and particles using centrifuges, hydrocyclones, and gas flotation. In
the oil and gas industry, hydrocyclone technology has been widely used for a long time
and is considered the most preferable physical treatment method for oil–water separation
among these technologies. Cyclones, which use centrifugal force to separate a continuous
phase from a dispersed phase, are the predecessors of hydrocyclones. When the primary
phase is a liquid, it becomes a hydrocyclone. Hydrocyclones can, therefore, be used to
separate liquids from solids, liquids from liquids, liquids from gases, and liquids from
mixtures of solids and gases. The review presented here focuses only on liquid-liquid
hydrocyclones, specifically those used for de-oiling produced water. A hydrocyclone is a
stationary, passive device that separates particles of varying densities using a pressurised
intake flow powered by centrifugal force. It leverages the difference in density of the two
immiscible liquids to create a centrifugal force during high-speed fluid rotation [36,37]. The
hydrocyclone separation method is widely used in industry because it has the advantages
of a simple operation mode, environmental protection, and effective separation efficiency.

Table 3. Different physical treatment technologies.

Treatment
Technology Oil Removal Efficiency Advantages Shortcomings

Coalescence
[38–40]

Removes 95% on inlet oil content
25 ppm—15%, droplet removal > 20 µm.

- Can be conjugated with a
flotation system for higher
separation efficiency.
- Effective on demulsification.

- Slow oil removal process.
- Could be susceptible to solid loading
and clogging.
- Chance of fouling by oil sludge.
- Low capacity.
- Requires pre-treatment.
- Constant change of coalescer filters.

Flotation
[41–43]

- Removes oil droplets > 20 µm with a
mean effluent concentration of
10–40 mg/L.
- Removes 90% of oil components,
50–70% dispersed oil when combined
with a centrifuge.

- High oil removal efficiency.
- Small footage print.
- Appropriate for removal of light
and smaller particles that are
difficult to settle down.
- More suitable for the removal of
suspended solid and heavy crude.

- High costs of operations.
- Requires pre-treatment.
- Difficult to remove dissolved oil.
- Sophisticated procedure.

Centrifuges
[44,45]

Removes droplets > 10 µm to
5 ppm TPH.

Simple operation Low initial and
operating costs.

- Extremely temperature and PH
sensitive.
- Highest energy consumption.

Gravity settling (API
Tanks, Skim tanks)

[22,46]

- Removes oil droplets > 150 µm >
20 µm under exceptional circumstances.
- Removes to 10 ppm TPH for light oils.

- Appropriate for free oil.
- Suitable as a pre-treatment step
in oil removal.
- Simple equipment with low
operating and maintenance costs.

- Slow separation rate.
- Large footage print.
- Not appropriate for removal of
dissolved oil and heavy water
separation.

Hydrocyclone
[25,47,48]

- Removes 98% solids and >10 µm
droplets down to 5–10 ppm TPH.
- Capable of handling influent
concentration (up to 2000 mg L−1).

- Compact and simple design with
no moving parts.
- Applicable to offshore facilities.
- No need for pre-treatment.
- High efficiency for TDS and
small oil droplet removal. High
throughput with very low
retention time.

- Possibility of fouling and clogging.
- Not suitable for heavy oil and stable
emulsion (small-size droplets).
- High maintenance cost.

Conventionally, hydrocyclones have one inlet and a minimum of two outlets: one for
oil and the other for clean water. The geometry of a conventional de-oiling hydrocyclone
is shown in Figure 1. It comprises of a cylindrical section where the feed enters, a conical
section where the feed is accelerated as a result of diameter reduction, a long conical section
where most of the mixture separation occurs, and a tail section where the dense phase
outlet (water) is located [49]. The basic separation operation of hydrocyclones is that in
conjunction with an external pump, and because of the wall curvature of the cylindrical
body, the oil–water mixture entering the axial or tangential inlet at high pressure produces
a swirling flow pattern. With the swirling motion, under the action of centrifugal force,



Energies 2024, 17, 3181 5 of 21

utilising the variation in density between the water and oil phases, the water phase moves
towards the walls of the hydrocyclones and subsequently moves downward towards the
underflow outlet, forming an outer vortex regarded as the secondary vortex. Meanwhile,
the lighter phase (oil) moves towards the middle of the hydrocyclone and flows upward,
forming an inner vortex regarded as the primary vortex, and it flows out through the vortex
finder to the overflow outlet [50,51]. Nevertheless, a certain amount of water also leaves the
hydrocyclone through the overflow outlet along with the oil. Thus, hydrocyclones are not
100% efficient for separating oil from water. The parameters that influence the performance
of de-oiling hydrocyclones include the geometrical structure of the device, which can be
adjusted to meet specific and desired requirements, and the operating parameters, which
include the flow rate of the feed, pressure drop, temperature, oil concentration, and size of
the oil droplet.
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Hydrocyclones have been in use for more than four decades now [52]. Almost 90%
of the offshore produced water treatment facilities are based on hydrocyclone technology.
Their irreplaceable merits are not only for liquid-liquid separation, but also for solid-liquid,
gas-liquid, and gas-solid-liquid separation. The advantages of hydrocyclone technology
include low energy consumption, small cut size, high separation efficiency, wide operating
range, no moving parts, and low cost of operation [29,53]. Thus, hydrocyclones are the most
popular separation technology in the industry. The separation efficiency of hydrocyclones is
influenced by many factors; however, the separation rate is fast, maintenance is convenient,
and the equipment is light and compact, requiring no extra gases or chemicals to be
introduced for operation [54,55], making it desirable for subsea and offshore environments.

Numerous scientific research studies have been conducted to explore various as-
pects of hydrocyclones, including performance evaluation, design optimisation, geometric
parametrisation, and external interventions. These studies primarily rely on either ex-
perimental data collected from field observations, laboratory experiments conducted in
controlled environments, or numerical techniques employed to investigate oil-in-water
separation. Several research studies have been conducted to examine the impact of process
parameters on the fluid and flow behaviour within hydrocyclones, with the aim of expand-
ing their range of applicability. This study seeks to conduct a comprehensive review of the
latest advancements in hydrocyclone technology. The objective is to identify specific areas
within the field that warrant further scientific research efforts. Moreover, this study sheds
light on the existing obstacles encountered by industries and researchers in relation to



Energies 2024, 17, 3181 6 of 21

technological advancements in the field of hydrocyclone technology. This will facilitate the
process of making informed decisions regarding strategic investments within this expansive
field of research.

3. Effects of Geometrical Parameters on Hydrocyclone Performance

Contemporary configurations of de-oiling hydrocyclones have undergone significant
alterations in terms of both size and geometric characteristics over the past four decades.
Moreover, the performance of a hydrocyclone that is contingent upon specific geometric
relations like inlet diameter, cylinder diameter, and vortex finder length is subject to further
improvement/optimisation. Thus, the examination of these components is imperative
and indispensable in order to accurately define the features of any new centrifugal separa-
tor [34,56]. The geometrical characteristics illustrated in Figure 1, namely the inlet section,
cylindrical section, conical section, overflow and underflow sections, vortex finder, and
size of the hydrocyclone, are sequentially examined.

3.1. Inlet of the Hydrocyclone

The inlet size, type, shape, and number of inlets of the de-oiling hydrocyclones
have a significant impact on the de-oiling hydrocyclone separation efficiency due to the
considerable changes in the phase transport characteristics, as summarised in Table 4.
De-oiling hydrocyclones are generally classified into axial and tangential hydrocyclones,
based on the method of feeding into the separator [36]. Some drawbacks of a conventional
hydrocyclone that incorporates tangential input for its swirl formation have been identified
by [57–59]. These drawbacks are due to the hydrocyclone’s asymmetric feed entrance,
leading to a breakup of oil droplets, an increase in turbulence intensity, and a reduction in
the separation efficiency. The tangential input also causes significant bulk and substantial
energy expenditure. Mao et al. [59] have identified issues with an unstable oil core in the
outlet section caused by an axial inlet hydrocyclone. Numerical analyses have been carried
out by researchers on the optimisation of the inlet design of hydrocyclones [60–63]. From
their findings, it has been observed that an optimised design of the inlets can significantly
enhance the separation efficiency of de-oiling hydrocyclones.

Table 4. Summary of the effects of hydrocyclone inlet on separation efficiency.

Parameter Influence on the Hydrocyclone Performance

Inlet Size
Larger Inlets: Higher throughput, increased volumetric flow rate, and possible turbulence-related decrease in
separation efficiency [64].
Smaller Inlets: Lower throughput, enhanced separation efficiency due to more regulated flow, and lower flow
rates [65].

Inlet Type
Tangential Inlets: By generating a steady vortex and increasing centrifugal force, these inlets improve
separation efficiency [66].
Axial Inlets: These may result in a reduction in separation efficiency due to their inefficiency in producing
significant centrifugal forces [67].

Inlet Shape Circular Inlets: Offer symmetrical flow, making flow patterns easier to study and analyse [68].
Rectangular/Slot Inlets: These may produce complicated turbulence patterns but can also produce a more
consistent flow distribution [69].

Number of Inlets
Single Inlet: This may limit throughput, but has a simpler flow pattern that is easier to forecast and control [68].
Multiple Inlets: A careful design is needed to balance and synchronise flow because increased throughput
capacity might result in more complicated and potentially turbulent flow patterns [70].

Al-Kayiem et al. [62] carried out a numerical study for flow visualisation of an
oil–water mixture and their effects on single and dual-inlet hydrocyclone with varying inlet
flow rates. This was performed with the aim of understanding how the oil–water mixture
migrates within hydrocyclones and how the flow structure affects the efficiency of the
separation process. It has been reported that dual-inlet hydrocyclones have a higher sepa-
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ration efficiency than single-inlet hydrocyclones, as shown in Figure 2. With single-inlet
hydrocyclones, an efficiency of 73.7% and 88.5% were achieved at flow rates of 0.5 m3/h
and 1.0 m3/h, respectively. This was against the 82.3% and 93.6% achieved with a dual-inlet
hydrocyclone at the same respective flow rates. Moreover, it has been observed that a sin-
glet inlet hydrocyclone results in an unsteady wavering flow as a result of flow imbalance
just after flow entry into the hydrocyclone. Furthermore, there are frequent recirculation
zones which cause some fluid droplets to be unseparated. In the dual-inlet hydrocyclone, a
uniform, unwavering fluid flow structure has been observed. This assists in the segregation
of oil and water into their respective core regions as an oil-rich core (inner) and a water-rich
core (outer).

Liu et al. [50] carried out numerical investigations on the effects of double tangential
inlets with interval interventions/features. The features consist of one separating block
and 3 division plates following the block. The mechanism behind the new design has been
stated to be that the feed mixture passing through the inlet with rearrangement of internals
flows into different layers in accordance with their densities. The re-arranged low-density
phase moves directly to the middle region, while the high-density phase flows to the near-
wall region. The different separating blocks were designed to be semi-cylindrical, triangular
prisms, and trapezoidal bodies. Their oil–water separation efficiency, velocity distribution,
and oil-phase distribution results were compared to those of a conventional hydrocyclone,
as shown in Figure 2. The accuracy of the simulation results was validated against the
PIV tests reported in the literature [70,71]. It has been reported that a hydrocyclone
with a semi-cylindrical block inlet provides an optimal rearrangement effect and the
lowest pressure drop. Conventional hydrocyclones, when compared to hydrocyclones
with internal features, have been observed to have a lower oil-phase concentration, fluid
tangential velocity, and separation efficiency. The separation efficiency of hydrocyclones
with features was 6.4–8% higher than that of conventional hydrocyclones.

Numerical investigations have been conducted on hydrocyclones with different inlet
pipe structural configurations like linear, spiral-line, and arc-type inlet pipes and the
separation efficiency compared to conventional hydrocyclones, as depicted in Figure 2.
Li et al. [72] have reported that hydrocyclones with spiral-line inlet pipes achieve higher
separation efficiency compared to arc-type and linear inlet types. Rocha et al. [73] carried
out experimental analyses to study the influence of rectangular and square feed duct solid-
liquid hydrocyclone on the separation efficiency against the conventional circular feed
duct [74]. It has been stated that non-circular cross-section inlets result in higher separation
efficiency and an increase in the underflow-to-throughput ratio, with the highest efficiency
observed in square feed duct hydrocyclones.
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3.2. Cylindrical and Conical Sections of the Hydrocyclone

The cylindrical and conical sections are among the most crucial sections of hydrocy-
clones as far as their separation efficiency is concerned. Feed enters the main body of the
hydrocyclone, which is effectively the cylindrical section, and then flows through to the
conical region, where the feed flow velocity accelerates due to a reduction in diameter, and
most separation of the mixture takes place. Due to its conical design, only a fraction of the
heavy stream (water) exits from the underflow outlet; nevertheless, this fraction can be
regulated by adjusting the cone angle and diameter of the tail pipe [49,75]. The capacity of
separation and the general performance of the hydrocyclone is greatly affected by the angle
of the conical section [76]. The cone angle in a hydrocyclone refers to the angle formed by
the conical section’s wall relative to the axis of the hydrocyclone. This angle is a critical
design parameter as it influences the separation efficiency of the hydrocyclone [77]. Two
options are available for the conical sections: single-cone and bi-conical hydrocyclones. The
bi-conical sections are designed to sustain the intensity of the swirling stream and induced
vortexes, and with this, a constant centrifugal separation is guaranteed [78]. The efficiency
of separation reduces due to shorter cylindrical lengths. This happens due to insufficient
rotational velocity of the fluid within this particular region, resulting in a lack of separation
when compared to other regions of the hydrocyclone. Simultaneously, the fluid experiences
a reduction in its angular momentum due to the drag exerted by the wall of the cylindrical
section [79,80].

In the numerical investigations conducted by Kou et al. [81], the pressure and velocity
fields of a hydrocyclone with guide vanes and four variable cone angles have been analysed
for separation efficiency. It has been noted that the peak tangential velocity and the static
radial pressure increase significantly as the cone angle increases. Moreover, as the cone
angle decreases, the forward velocity steadily increases at a position near the wall, but at the
intermediate region, the forward flow velocity decreases with decreasing cone angle. It has
been reported that alterations in cone angle significantly alter the centrifugal acceleration,
which leads to different reverse flow lengths. It has been observed that in some cases,
reverse flow was unable to reach the overflow outlet specifically for smaller droplets; thus,
the separation efficiency was reduced. To resolve this, it has been stated that an additional
underflow tube was designed for the collection of oil droplets flowing at the underflow
outlet, and the separation efficiency was significantly improved. The separation efficiency
has been observed to increase with decreasing cone angle and increasing oil droplet size.

Zeng et al. [82] conducted numerical investigations on a separator with three swirl
chamber design configurations and multiple light phase outlets with the aim of studying
the separation efficiency and the flow fields. The swirl chamber designs considered are
(i) cylindrical tube (ii) a combination of conical tube, conical diffuser, and cylindrical tube
(iii) a combination of cylindrical and conical tube. It has been observed that with a conical
tube, higher tangential velocity is experienced than in the cylindrical tube, which implies
a larger centrifugal force with higher separation efficiency. The design with cylindrical
and conical tubes has the maximum G force distribution, pressure gradient, and separa-
tion efficiency. Zeng et al. [83] compared conical tubes against cylindrical tubes by oil
droplet trajectories using a high-speed camera. It has been observed that a conical tube
provides higher tangential velocity than a cylindrical tube; thus, separation time is reduced.
Zhao et al. [84], in their numerical investigations on an axial oil–water separator with two
separation chambers, each consisting of conical and cylindrical sections, two swirling
impellers with differences in structural parameters, and three light phase outlets, reported
that altering the diameter of the cylindrical section affects the separation efficiency the most.
A decrease in the cylindrical diameter elevates the separation efficiency and the pressure
drop. For the conical sections, it has been observed that an increase in the length of the
primary conical section causes an increase in the pressure drop and separation efficiency,
which later decreases. Meanwhile, an increase in the length of the second conical section
causes a continual increase in the separation efficiency. Altering the diameter of the cylin-
drical section has been stated to affect the oil core outlet flow split. Je et al. [85] carried out
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numerical analyses on the separation efficiency of an axial oil–water separator considering
five design parameters, which include (i) a number of vanes, (ii) conical diameter, (iii) coni-
cal length, (iv) angel of vane, and (v) thickness of vane. It has been observed that the vane
angle has the most significant influence on the separation efficiency, followed by conical
diameter, number of vanes, the thickness of the vane, and conical length respectively. An
increase in vane angle leads to an increase in the separation efficiency and pressure drop.

Liu et al. [58] carried out analyses to study the impact of cone angle, guide vanes, and
cone angle on the separation of oil using Computational Fluid Dynamics (CFD). It has been
reported that changing the cone angle has no effect on the flow field’s ultimate distribution
of velocity. Nonetheless, the severity of the vortex’s turbulence decreases as the cone angle
increases. There was a slight improvement in the pressure drop and separation efficiency
when the cone angle was increased from 10◦ to 30◦, as shown in Figure 3, indicating that a
wider cone angle may improve downward particle flow by reducing recirculation zones.
This is contrary to what has been observed by other researchers [81,86], who, in their
investigations, reported that increasing the cone angle increases the tangential velocity
and the pressure gradient in the hydrocyclone but reduces the separation efficiency. It has
been noted that a small cone angle keeps oil droplets in the separation region for quite a
long period; thus, a decrease in cone angle increases the separation efficiency. Differences
in results obtained also arise from varying experimental settings and the accuracy of the
measurement techniques [87].
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3.3. Outlets of the Hydrocyclone

Hydrocyclones generally have two discharge outlets; the overflow outlet is usually
located at the top of the hydrocyclone for the ejection of oil, and the underflow outlet is
located at the bottom of the hydrocyclone for the ejection of water [76]. The occurrence
of the oil reverse flow towards the overflow outlet can be attributed to the existence of
a pressure gradient resulting from the conical design configuration. During the swirling
process, the wall region experiences high pressure while the centreline exhibits low pressure.
This creates a decrease in pressure differential from the downstream end to the upstream
end, ultimately leading to a reversal of the oil-phase flow [49,88].
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Kyriakidis et al. [34] conducted experimental as well as numerical investigations to
evaluate the effects of underflow outlet diameter and length, along with the length of the
vortex finder, on the separation efficiency of a hydrocyclone. It has been reported that
an increase in the underflow orifice diameter increases the total separation efficiency by
9% while also increasing the underflow-to-throughput ratio by 125%. The vortex finder
length has been stated to have a non-linear effect on the separation efficiency. Nevertheless,
the highest separation efficiency has been observed for the 6.5 mm length of the vortex
finder and for 5 mm underflow orifice diameter. In the numerical analyses carried out by
Liu et al. [58] on axial hydrocyclones with a high handling capacity for the purpose of tack-
ling oil–water separation challenges, it has been observed that an increase in the overflow
pipe diameter from 20 mm to 26 mm leads to a steady increase in the separation efficiency
but when increased above 26 mm, the separation efficiency drops, as shown in Figure 4.
This improvement in the separation efficiency is due to the balance between centrifugal
force and the fluid flow. The larger outflow pipe diameter in this range lowers the velocity
of the overflow stream, giving the oil droplets more time to separate from water [89].
Above 26 mm outflow pipe diameter, the tangential velocity and vortex strength decrease,
resulting in insufficient centrifugal force to efficiently separate the oil droplets [90,91].
Consequently, more oil remains in the water phase, reducing overall separation efficiency.
Therefore, to maintain high separation efficiency without exceeding the critical threshold,
the overflow pipe diameter needs to be carefully selected. de Araujo et al. [92] conducted
numerical investigations to analyse the effects of geometrical parameters of a tangential
dual-inlet hydrocyclone in order to enhance its separation efficiency for high oil content
(40%), which is experienced in mature reservoirs. Using Design of Experiments (DoE),
the hydrocyclone’s geometric variables that result in the maximum separation efficiency
have been identified. This design is the one with a bigger overflow diameter of 20 mm.
The experimental result from the optimally designed hydrocyclone has been reported to
provide a total separation efficiency of 93% with a flow ratio of 7%.
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Zeng et al. [83] proposed a novel approach for draining the oil stream from the
two outlets in an experimental investigation carried out on a compact axial liquid-liquid
separator, operating from 3 m3/h to 7 m3/h of water flow rate and 1% to 10% of oil fraction.
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It has been reported that multiple outlets for the oil stream guarantee higher separation
efficiency and a lower split ratio. Zeng et al. [93] conducted experimental investigations on
an axial oil–water separator with three stages of separation and five oil outlets, with the aim
of improving the separation efficiency by maintaining a low split ratio. It has been reported
that multiple oil outlets increase the split ratio from 20% to 45%; however, with reasonable
or proper oil outlet scheduling, a significant reduction in the split ratio with enhanced
separation efficiency could be achieved. Moreover, it has been stated that oil outlets located
on the two sides of the oil core help in the discharge of oil droplets with elevated swirl flow,
while the oil outlet positioned downstream has a high possibility of separating smaller-
sized droplets. Moreover, a novel method for draining oil from multiple outlets in an axial
liquid-liquid separator has been proposed, enhancing separation efficiency and reducing
split ratios. The experimental setup, operating at various water flow rates and oil fractions,
demonstrated improved performance with strategic oil outlet placement, particularly for
smaller droplets and elevated swirl flows.

Abdi et al. [94] carried out experimental investigations on the performance of hydro-
cyclone in an oil spill recovery system. In the design of the experiments, control valves
and a capacitance-based sensor were integrated into the system to improve the separation
efficiency. The overflow control valve has an automatic operation, while the underflow
control valve is operated manually. It has been reported that by adjusting the overflow
valve while maintaining oil–water conditions, the separation efficiency can be optimised. It
has been stated that an overall separation efficiency of 67.6% for inlet oil concentrations
of 20% and 35.2% for an inlet oil concentration of 40% is achieved. Moreover, it has been
observed that with slower underflow flow rates, liquid can accumulate in the overflow and
result in slower overflow rates and, subsequently, a higher content of oil in the underflow,
hence, the need for the control valves. Table 5 summarises the review presented in this
section on the effects of geometrical parameters on hydrocyclone performance.

Table 5. Summary of the effects of geometrical parameters on the de-oiling hydrocyclone performance.

Geometrical Parameter Influence on the Hydrocyclone Performance

Inlet

• Dual-inlet hydrocyclones exhibit higher separation efficiency compared to single-inlet
hydrocyclones [62].

• Singlet inlet hydrocyclone produces an unsteady, wavering flow [62].
• Dual-inlet hydrocyclones give a uniform, unwavering fluid flow structure [62].
• Hydrocyclones with rearrangement internals give up to 8% separation efficiency higher than

conventional hydrocyclones [50].
• Tangential inlet hydrocyclones have drawbacks of oil droplet breakage and high turbulence

intensity [57–59].
• Axial inlet hydrocyclones have the drawback of an unstable oil core in the outlet section [59].

Cylindrical section
• Decreasing the cylindrical diameter elevates the separation efficiency and the pressure drop [84].
• Increasing cylindrical length decreases the separation efficiency [79].

Conical section

• Decreasing the cone angle increases the separation efficiency [81,95].
• The conical tube has a higher tangential velocity than the cylindrical tube, thus a larger

centrifugal force with higher separation efficiency [82,83].
• Increasing the primary length of the conical section increases pressure drop and separation

efficiency, which later decreases [84].
• Increasing the second conical length causes a continual increase in the separation efficiency [84].

Outlets

• Increasing the underflow orifice diameter increases the separation efficiency and also rises the
underflow-to-throughput ratio [34].

• Increasing overflow pipe diameter leads to a steady increase in the separation efficiency [58,92].
• Further increasing overflow pipe diameter above 26 mm lowers the separation efficiency [58].
• Multiple oil stream outlets guarantee high separation efficiency and a low split ratio [83,93].

4. Effects of Operating Parameters on Hydrocyclone Performance

Operating/process parameters are among the factors that significantly affect the per-
formance of de-oiling hydrocyclones. These parameters include the flow rate of the feed,
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pressure drop, temperature, particle cut size, concentration of the oil, size of the oil droplet.
A number of scientific studies have been carried out to investigate the influence of process
parameters on the separation efficiency and general performance of hydrocyclones. A com-
prehensive understanding of the flow dynamics within a de-oiling hydrocyclone is crucial
for the accurate prediction, enhancement, and comprehension of its operational efficiency.

4.1. Inlet Flow Rate

Hamza et al. [96] carried out experimental investigations on a compact axial inlet
hydrocyclone with the aim of improving the separation efficiency of the oil–water mixture.
The oil–water mixture used for the parametric analyses is based on oil and brine. The
separation efficiency was evaluated at different flow rates ranging between 1.5 m3/h and
4 m3/h with oil-to-water ratios of 10:90, 20:80, and 30:70, and mean droplet size of 37 µm.
It has been reported that an increase in the flow rate leads to an enhancement in separation
efficiency, as shown in Figure 5. It has been further noticed that the pressure drop at the
water outlet is higher than the pressure drop at the oil outlet, and an increase in the flow
rate leads to an increase in both pressure drops. It has been observed that a higher pressure
drop ratio between oil and water leads to a higher separation efficiency. In the experimental
investigations carried out by Xiaobo et al. [97] on an axial separator to evaluate the influence
of the inlet flow rate on the separation efficiency of gear oil and tap water, it was observed
that an increase in the inlet flow rate led to an increase in the separation efficiency. The
flow rate considered ranged between 3 m3/h and 7 m3/h. Angelim et al. [98] carried
out numerical analyses to study the separation efficiency of a heavy oil–water mixture in
hydrocyclones. Using the k-ε turbulent model and Euler-Euler multiphase approach, the
influence of varying inlet velocities ranging between 1 m/s and 10 m/s on the separation
efficiency, pressure drop, and streamlines was analysed, and the results validated against
experimental data. It has been reported that an increase in the inlet velocity leads to
an increase in the pressure drop and separation efficiency. Moreover, an increase in the
inlet velocity up to 4 m/s increases the separation efficiency to 90%, while the separation
efficiency decreases to approximately 58% with a further increase in the inlet velocity to
10 m/s. The separation efficiency remains constant for inlet velocities between 10 m/s
and 32 m/s. For the streamline, it has been noticed that an increase in the inlet velocity
increases the centrifugal and drag forces, thus increasing the number of turns inside the
hydrocyclone. The water stream has been observed to tend to flow towards the wall while
the oil stream flows internally.

Li et al. [99] conducted numerical investigations on a hydrocyclone subjected to
periodic external excitation with the aim to analyse the internal flow characteristics. With
periodic excitement, a decrease in the free vortex region of the hydrocyclone has been
observed, while the axial velocity was significantly influenced in the middle region of the
hydrocyclone. Increasing the length of the oil core region and the outflow velocity resulted
in a decrease in the uniformity of the radial velocity in an area far away from the entrance,
while the radial velocity fluctuates significantly with time. Moreover, under the influence
of periodic excitement, it has been reported that the oil-phase slip velocity increases over a
longer range, and the separation efficiency increases as well. Al-Kayiem et al. [36] carried
out numerical analyses on an axial concurrent hydrocyclone with the aim of enhancing
the swirl generator design. In the analysis, five different angles, ranging from 37◦ to 76◦,
were considered at five inlet flow rates and water-to-oil ratios. It has been reported that
a swirl generator with a 45◦ deflection angle and an inlet feed velocity of 2 m/s results
in a maximum tangential velocity of 7.06 m/s, while that with a 68◦ deflection angle (the
least defection vane angle considered) and 2 m/s inlet feed velocity results in a minimum
tangential velocity of 4.17 m/s. Furthermore, it has been observed that a 45◦ swirl generator
produces a higher turbulent intensity than a 68◦ swirl generator, while a 45◦ swirler results
in the maximum separation efficiency of the separator. In all the designs considered, it has
been noted that the separation efficiency increases with an increase in the flow rate, while
the pressure drop increases with a decrease in the vane angle, as shown in Figure 5.
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Zhao et al. [100] observed an increase in separation efficiency from 89.02–94.04% when
the inlet velocity increased from 2 m/s–12 m/s. Zhang et al. [101] carried out numerical
investigations to evaluate the effects of the inlet flow rate on the separation efficiency of
the hydrocyclone. It has been reported that an increase in inlet velocity from 1 m/s–5 m/s
leads to an increase in the radial velocity from 0.20 to 1.16 m/s, tangential velocity from
1.97 to 11.16 m/s, static pressure from 5.49 to 182.78 kPa and radial pressure gradient
while decreasing the split ratio in the swirling field, enhancing the separation efficiency
of the hydrocyclone. It has been stated that an increase in inlet velocity reduces the
formation of air columns and alters the locus of zero vertical velocity, which has been
considered to be favourable toward hydrocyclone’s flow stability. In an experimental
investigation conducted by Zeng et al. [83] and the numerical analysis carried out by
Amori and Al-Ammar [102] on an axial inlet hydrocyclone to evaluate the influence of
variable flow rates on the separation efficiency, it has been reported that as the inlet flow
rate increases, the oil cumulated in the core region increases, leading towards enhancement
in the separation efficiency.

4.2. Oil Concentration and Particle Size

Gorobets and Tarabara [103] carried out a laboratory-scale evaluation of the separation
efficiency of a de-oiling hydrocyclone by analysing the effects of oil-particle aggregates.
The input feeds used for this evaluation comprised two-phase (oil/water) and three-phase
(water/particulate SiO2/mineral oil). It has been observed that oil-particle aggregates
do not affect the separation efficiency of the hydrocyclone; however, they degrade the
separation of the solid phase. It has been reported that oil-particle aggregates are preferably
split into the overflow stream with oil as the lead phase and SiO2 as the secondary phase.
Araújo et al. [92] carried out numerical investigations on the effects of oil particle size on the
separation efficiency of the hydrocyclone. It has been observed that as the oil particle size
decreases, the separation efficiency of the hydrocyclone also decreases due to the inertial
effects becoming dominant. Zeng et al. [104] conducted a numerical study on an axial
liquid-liquid separator with double swirls and double separation chambers. The analyses
were performed at variable inlet volumetric oil fractions ranging between 1% and 10%. It
has been reported that an increase in the volumetric oil fraction insignificantly decreases
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the separation efficiency and causes a high-pressure change, while at a lower volumetric
oil fraction, the change between the central and wall pressure becomes higher.

Yang et al. [105] conducted a numerical study to evaluate the mechanism of oil–water
separation and the influencing factors, i.e., particle size, inlet velocity, pressure, and oil
concentration, on the separation efficiency of a de-oiling hydrocyclone. It has been reported
that at a constant oil concentration, the oil particle size, the inlet flow pressure, and velocity
are directly proportional to the separation efficiency, while at a constant inlet velocity,
increasing the oil concentration reduces the separation efficiency. Figure 6 presents a
comparative analysis of the effects of oil particle size on the separation efficiency. It has
been reported that an oil–water mixture entering hydrocyclones generates both internal
and external swirls, forming a stable oil core at the centre.
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Liu et al. [106] carried out numerical studies to evaluate the separation efficiency of
discrete phases with varying particle sizes and densities using hydrocyclones of different
main diameters, all classified under mini-hydrocyclones and conventional hydrocyclones.
For both high and low feed oil concentrations, it has been observed that mini-hydrocyclones
provide higher separation efficiency than conventional hydrocyclones when subjected to
a similar feed flow velocity. The mini-hydrocyclone oil–water separation efficiency has
been reported to be more evident between 60 µm and 300 µm oil particle sizes. When
the particle size is below 20 µm and above 400 µm, the efficiency becomes insignificant.
For silica–water separation, the mini-hydrocyclone has been stated to have a maximum
separation efficiency compared to the conventional hydrocyclone. The separation efficiency
of both hydrocyclones was similar when the particle size was above 60 µm, but when the
particle size was less than 5 µm, the conventional hydrocyclone provided no separation,
while the mini-hydrocyclone still provided separation. It has been noted that for both
oil–water and silica–water separation, the pressure loss of mini-hydrocyclones is higher
than that of conventional hydrocyclones. Xing et al. [107] carried out numerical analyses of
a coalescence hydrocyclone with the aim of improving the separation efficiency. The design
was based on the principles of hydraulic droplet collision coalescence and centrifugal
separation. The mixture model and the discrete phase model (for transport of the particles)
together with the Reynolds Stress turbulence model (RSM), have been used to obtain the
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velocity distributions, particle diameter, and oil concentration in the hydrocyclone. It has
been reported that there is a maximum separation efficiency of 99.4% at a flow rate of
5.5 m3/h and a 25% split ratio in the hydrocyclone as a result of the increase in the size of
the oil particles by collision coalescence before entering the hydrocyclone. Moreover, it has
been stated that the average diameter of the oil particles increases from 32.42 µm at the
entrance to 1350 µm after coalescing.

Mohammadi et al. [108] conducted numerical investigations on oil-in-water separation
in a hydrocyclone. It has been reported that for a 25% inlet oil concentration, increasing the
oil particle diameter increases the separation efficiency up to 99.5% when the oil particle
diameter is above 100 µm. It has been stated that when water is in the discrete phase, 60%
and 69% separation efficiencies are achieved at water droplet sizes of 150 µm and 200 µm,
respectively. Al-Kayiem et al. [109] conducted an experimental investigation in order to
deduce novel experimental data comparison on particle size distribution as a result of the
shear effect using a high-speed single-stage C-pump (2950 rpm) and a low-speed gear pump
(1450 rpm). The investigations were carried out at five different water-to-oil ratios (70:30,
75:25, 80:20, 85:25, and 90:10). In this research, mineral oil (FOMI 70) was used as crude
oil. It has been reported that the C-pump results in a smaller particle size distribution with
an average particle diameter of 21.39 µm, while the gear pump gives a higher particle size
distribution with an average particle of 33.5 µm. Furthermore, it has been reported that as
the water cut increases, the shear rate also increases, resulting in smaller particle sizes [110].
The effects of temperature on the particle size have been reported to be minimal. It has been
observed that oil particles settling on top of the cylindrical section increase and separate
rapidly for samples with higher particle diameters. In an experimental investigation carried
out by Hamza et al. [96] for separation efficiency enhancement considering oil-to-water
ratios of 10:90, 20:80, and 30:70 and a mean inlet droplet size of 37 µm, it was observed
that the optimal separation efficiency was achieved at an oil-to-water ratio of 20:80 and the
minimum efficiency was achieved at a 30:70 ratio.

Khodadadi et al. [77] conducted a numerical study on de-oiling hydrocyclones using
the Eulerian-Lagrangian approach to evaluate the influence of particle interactions, phase-
coupling schemes, and inlet size distribution on the performance of hydrocyclones. The
breakup-dominated areas together with the coalescence regions in different designs of
de-oiling hydrocyclones, were investigated. It has been identified from the different designs
investigated that significant alterations in the cone angle produce areas of high turbulence
and an increase in the breakup of particles. It has been reported that the size distribution of
oil particles inside the hydrocyclone follows a log-normal distribution; the mode diameter
increases in the cylindrical and first conical regions, then decreases while moving towards
the tail area. The breakup- and coalescence-dominated regions have been found to depend
on the water turbulence level. The smooth area reduction decreases the oil droplet breakup.
Liu et al. [111] carried out a theoretical and experimental investigation on the influence of
gas on oil–water separation efficiency, oil concentration, and flow field stability of an axial
hydrocyclone. It has been observed that a small amount of gas improves the separation of
the oil–water mixture, but a larger amount of gas reduces the separation efficiency. As the
gas-liquid ratio increases, the frequency of pressure fluctuations increases, enhancing the
separation efficiency, but when above 20%, the efficiency reduces. It has been reported that
in the bubble flow regime at a ratio of 8% and in the slug flow regime at a ratio of 5%, the
inflection points increase, and the oil concentration gradually increases. But when the ratio
is above 8%, the oil concentration rapidly increases, requiring gas removal treatment. For
various split ratios and water cuts, it has been noticed that the influence of the gas-liquid
ratio on the mixture separation followed a similar pattern.

Raesi and Maddahiann [29] carried out numerical analyses to study the influence
of injecting air on de-oiling hydrocyclones. The simulation was carried out using CFD
together with the Population Balance Model, RSM, and the Eulerian-Eulerian multiphase
model. It was observed that injected air establishes an air core into the system, which flows
out through the overflow and causes the disappearance of the oil core generated at the
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centre of the hydrocyclone. It has been reported that injected air bubbles, because of their
low density, increase the migration velocity of the oil particles and the reverse flow region
length, enhancing the separation efficiency to as high as 95.6%. Moreover, it has been
noted that the injected air increases the oil volume fraction in the accumulated sections
of the conical and cylindrical areas and reduces the fraction in the tail region. It has been
stated that with the injection of air, the turbulence level inside the hydrocyclone increases,
enhancing the breakage rate of the particles and thereby reducing the size of the oil particles.
However, injecting air bubbles with small diameters has been observed to be more effective
in improving the separation efficiency. Table 6 summarises the review presented in this
section on the effects of the operating parameters on hydrocyclone performance.

Table 6. Summary of the effects of operating parameters on de-oiling hydrocyclone performance.

Operating Parameter Influence on the Hydrocyclone Performance

Inlet flow rate
• Increasing the inlet flow rate leads to an enhancement in separation efficiency [36,83,96].
• Increasing flow rate leads to an increase in 4 at both water and oil outlets [96].

Inlet velocity

• Increased inlet velocity increases the separation efficiency [98,100,101].
• With further increase to 10 m/s, separation efficiency decreases [98].
• Between 10 m/s and 32 m/s, the efficiency remains constant [98].
• Increasing inlet velocity increases the centrifugal and drag forces [94].

Oil concentration • Increasing volumetric oil fraction decreases the separation efficiency [96,104,105].

Oil particle size • Oil particle size is directly proportional to the separation efficiency of hydrocyclones [92,105,107–109].

This study did not include reviews pertaining to fluid properties like the viscosity
of the feed mixture, temperature of the inlet feed, any specific geometric relationships,
and optimisation of the hydrocyclones. However, these topics could be explored in a
separate scientific review, offering valuable insights. The results would provide evidence
for enhancing the operational efficiency of hydrocyclone technology and mitigating the eco-
logical consequences of an oil spill. Moreover, Scanning Electron Microscopy (SEM) [112],
Electron Dispersive Spectroscopy (EDS) [113], and extensive experimental studies [114]
can be used to further analyse the complex flow structure and optimise the separation
efficiency of hydrocyclones.

5. Conclusions

The increasing volume of produced water and environmental concerns surrounding its
disposal have increased the significance of produced water treatment in the exploration and
extraction of natural gas and crude oil resources. The continuous exploitation of oilfields
has led to the significant emulsification of oil particles and an increase in viscosity, thereby
posing challenges regarding the separation of oil from water. This separation process is a
crucial aspect in the treatment of produced water from oilfields. The hydrocyclone method
for removing oil from produced water in oilfields has emerged as a highly effective and
well-established technology. This can be attributed to its compact design, durability, and
cost-effectiveness, in terms of both production and maintenance costs. Despite extensive
numerical and experimental investigations of hydrocyclones, certain phenomena remain
inadequately understood and warrant further scrutiny. Specifically, the impact of turbu-
lence on particle motion, breakup, coalescence, and spatial distribution, as well as the
characteristics of the central core, such as shape, dimensions, behaviour, and the influence
of gas (dissolved or free) or solids on the flow fields, require additional attention. This study
provides a comprehensive review of recent advancements in hydrocyclone technology for
the purpose of oil-in-water separation, drawing upon a wide range of existing research.
The present study is briefly outlined through the subsequent key points:

• Single-inlet hydrocyclones are characterised by an unsteady and wavering flow,
whereas dual-inlet hydrocyclones exhibit a uniform and stable fluid flow structure.



Energies 2024, 17, 3181 17 of 21

In terms of separation efficiency, dual-inlet hydrocyclones outperform single-inlet
hydrocyclones.

• The underlying principle of the hydrocyclone inlet design that involves the utilisation
of internal features is that it allows the feed mixture to be distributed into distinct layers
based on their respective densities. Consequently, this design enhancement leads to
a notable improvement in separation efficiency compared to that of conventional
hydrocyclones.

• The length of the conical section, the diameter of the underflow pipe, and the diam-
eter of the overflow pipe exhibit a direct proportionality to the separation efficiency.
However, it should be noted that a larger diameter of the overflow pipe results in a
reduction in the effectiveness of the separation process.

• The efficiency of the separation is indirectly proportional to the cone angle, cylindrical
diameter, and length of the vortex finder.

• The separation efficiency is directly influenced by the inlet flow rate, inlet velocity, and
oil droplet size, as these parameters exhibit a direct proportionality. Conversely, an
increase in the volumetric oil fraction leads to a reduction in the separation efficiency.
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