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Abstract

Growing populations, high-technology applications and the energy transition raise the demand for rare earth ele-
ments. As a secure supply in the future is all but certain, opportunities arise for deep-sea mining. Polymetallic nodules
that are located on the vast, sediment-covered ocean floors, are one of the more promising deep-sea mineral occur-
rences. Large amounts of unwanted surrounding water and sediment are collected along with the nodules in the
harvesting process. Separating the sediment and excessive water from the nodules before transportation toward the
surface could mitigate sediment plumes and be beneficial for energy consumption. In this research, the feasibility of
a hydrocyclone inspired machine is investigated for this process. With model experimentation, the key performance
parameters are studied using varying particle fractions, adjusting split ratio and conical angle. Timescale ratios are
used for particle scaling, and to describe their behaviour. The cyclones’ separation shows great potential. However,
large particles can be problematic, and the energy consumption is too high for deep-sea operation. Therefore, topside
utilisation is recommended.

Keywords: Polymetallic nodules, separation, hydrocylone, performance parameters, topside.
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1
Introduction

1.1. Background
The growing world population in combination with urbanization, high-technology applications, economic growth
and the energy transition toward a green-energy economy are the main reasons for an increasing demand for rare
earth metals. Metals that are essential for mobile phones batteries, solar panels and other low-carbon applications,
are needed more than ever[21].

As of 2020, the European Union (EU) has a list of 30 Critical Raw Materials (CRM) that are said to be vital for the
EU economy and sustainable development [7]. Figure 1.1 shows where these CRM are produced. The United States
Geological Survey (USGS) constructed its own list of 35 Rare Earth Elements (REE) essential for the economy and its
national security[10]. Figure 1.2 indicates where these materials are produced. Deep-sea mining is a potential way of
being less dependant on those producers and securing a constant and sufficient supply of CRM.

Figure 1.1: Countries accounting for largest share of EU supply of CRM [8]

Because many of the metals that can be mined on the bottom of the oceans are found in few selected areas on the
earth’s surface, interruption of the supply is a real threat. For example, onshore mines located in the Democratic
Republic of Congo (DRC) produce 60% of all the Cobalt on earth. Refined cobalt is an essential element for the lithium
battery and 81% of the global market share of refined cobalt is supplied by China.[4] This example shows that a secure
future for low-carbon applications requires a more diverse production to reduce dependency on limited number of
suppliers. Mining CRMs on the ocean floors could provide a solution.

1
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Figure 1.2: Critical Minerals: Global Production (2017) [10]

1.2. Deep-sea mining
During a two year expedition of the H.M.S. Challanger in 1873, the first deep-sea minerals were discovered by expe-
dition leader C.W. Thomson. The dredge haul of polymetallic nodules were described as ’peculiar black oval bodies
about 1 inch long’. The location of this discovery was the western end of the Clarion-Clipperton Zone (CCZ) shown
in Figure 1.3. Economic interest was developed in the 1960’s, which led to consortia of different countries to develop
resource assessments and extraction technologies for polymetallic nodules[30]. In the early 1980’s most commercial
activities ceased due to low metals prices globally[12]. However, the demand has increased in recent years, due to
an unstable and potentially insufficient supply and advanced technologies available for the extraction of deep-sea
minerals deposits (DMD) from the ocean floors. In 2010, private companies became involved resulting in a mining
industry. Exploration activities are ongoing and the mid 2020’s will likely see the beginning of polymetallic nodule
mining[21].These exploration activities primarily take place in the CCZ. The main reason expeditions target the CCZ
for exploration and exploitation is the massive potential of DMDs it contains. The nodules located in the CCZ contain
a higher tonnage of Mn,Ni,Co,Tl and Y than the entire global terrestrial reserve[21].

1.2.1. Regulation
Oceanic zones around the globe have different mining regulations. In 1982 the United Nations Convention on the
Law of the Sea prescribed exclusive economic zones(EEZ), stretching 200 nmi from the coast, over which the right of
exploitation and the use of marine resources can be claimed by a sovereign state only. [35]. Figure 1.3 shows these
EEZ in white. Areas located outside EEZs fall under Interational Seabed Authority, ISA jurisdiction. The ISA consists
of the EU and 167 individual member states, and is mandated by the Law of the Sea to regulate, organize and control
all activities related to minerals in the international seabed area for the benefit of the whole of mankind[1]. ISA’s main
commitment is to ensure the effective protection of the marine environment from harmful effects that can result from
deep-seabed related activities is ISA’s main commitment. The ISA decides if and where commercial exploration and
future mining operations take place.
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Figure 1.3: A world map showing the locations of the three main marine mineral deposits: polymetallic nodules (blue); polymetallic or seafloor
massive sulfides (orange); cobalt-rich ferromanganese crusts (yellow); and including exclusive economic zones (white) [32]

1.2.2. Onshore vs offshore mining
Deep-sea mining is a complex operation. However, there are favourable incentives to develop marine based mine
sites. They do not require water-transportation or electrical-transport systems, roads, ocean floor ore-transport sys-
tems, buildings, waste dumps and other terrestrial mine infrastructure. Many marine sites contain at least three met-
als of economic interest and less ore is required to provide the same amount of metal as terrestrial mines.[9].

Many challenges faced by onshore mining will be avoided when mining the deep seas. Acid mine drainage and soil
or river contamination will not occur. Furthermore, deforestation, large scale lowering of ground water table and
relocation of towns and villages is not needed[26]. Additionally, reduced risk to on-site workers and the absence of
child labour are incentives for deep-sea mining.

However, deep-sea mining could encounter opposition as extraction of marine minerals and the environmental and
ecological impacts are a concern to many countries, even in those not directly affected[43]. There are numerous
ways in which deep-sea mining can be harmful to the environment. The main concerns are altering the geochemical
composition of seafloor surface releasing toxic metals into the water column, crushing organisms and their habitat,
or sediment plumes disrupting tardy ocean life over large areas. Therefore, it is important to create an understanding
of these possible impacts and research mitigation measures before commercial mining is initiated.

1.2.3. Deposit compositions
Besides polymetallic nodules, two more considerable DMD compositions exist on the ocean floors. This section will
give a concise explanation on the DMD locations, compositions and the difference in mining techniques.

Polymetallic sulphides

One of the three main DMD occurrences are polymetallic sulphides, also known as seafloor massive sulphides(SMS).
SMS were the last DMDs to be discovered in the late 1970’s. These deposits are found at hydro-thermal vents located
at mid-ocean ridges and near island or volcanic arcs[45]. These vents occur at depths varying from 350 to 5000 meters
[3]. An estimate indicate that between 1000 and 5000 large sulfide deposits may exist on the seafloor. The inactive
vents will most likely become subject to mining activity in the future. One of the environmental advantages is only
small amounts of sediment is covering the vents, therefore almost none is released during the mining process. On the
other hand, these vents have to be crushed so the minerals can be collected. This results in an increased potential
of heavy metal release into the ocean[13]. Figure 1.4 illustrates active hydro-thermal vents where sulphide deposits
occur.
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Figure 1.4: Sulphide deposit [53]

Cobalt-rich ferromanganese crusts

Locations where hard substrate rock exists, e.g. volcanic hyaloclastites, are ideal for the formation of hydrated mineral
crusts. These layers can be up to 25 cm thick and are formed by direct precipitation from cold seawater under oxic
conditions. Sediment coverage of hard surfaces prevents these crusts to form. Therefore the main geomorphological
areas are locations where ocean currents keep the seafloor relatively free of sediment[45].

Generally areas between 800 and 3000m water depth have economically interesting crust deposits because of higher
Nikkel and Cobalt concentrations. Figure 1.3 shows where ferromanganese crusts can be found. The western regions
of the pacific ocean show the highest potential for mining operations. Ferromanganese crusts grow at approximately
1-7 mm/Ma depending on the conditions and contain, besides mainly Iron and Manganese oxides, high concentra-
tions of economically and strategically important metals (e.g. Co, Ti, Ce, Zr, Ni, Pt, Mo, Te, Cu, W) and high amounts
of REE[2]. The formed crusts are often m- to dm- sized plates and always in their highest state of oxidation [45].

Figure 1.5: Ferromanganese crust [53]

Cobalt-rich ferromanganese crusts can be mined by crushing the layers and collecting the debris. Figure 1.5 illustrates
these crusts. After the shattered crust is collected by the bulldozer, it is send upwards through the VTS to the PSV.
Similar environmental issues arise with crust mining as with SMS mining. Besides relative low quantities of sediment
being released into the ocean currents, heavy metal release into the the environment is a major concern.

Polymetallic Nodules

Polymetallic nodules, also known as ferromanganese nodules or simply manganese nodules, consist of concentrically
banded zones of micro-layers around a nucleus. Metal precipitation from pore water in the sediments (diagenetic) or
from ambient seawater(hydrogenetic) causes them to form around a nucleus[45]. Manganese nodules are composed
of alternating Fe-rich and Mn-rich laminae and are formed at water depths of 3,500m to 6,500m [21] on sediment
covered ocean floors globally. They can be found on, or just below, the sediment surface on the bottom of the abyssal
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ocean. Figure 1.3 shows the locations around the world where polymetallic nodules have been discovered, indicated
by the blue areas.

Manganese nodules can have different sizes, surface morphology and shapes. Figure 1.6 shows the nodules on the
ocean floor. Extremely large specimens have been found of 21cm in diameter[59], however, these are exceptions and
in most areas they can reach up to 15cm. Nodules exist in numerous shapes, of which discoidal is the most common.
But this differs depending on the area. The seafloor density of the nodules varies widely from 10 per square meter
up to thousands[45]. This is an important parameter when predicting economical feasibility for a mining operation.
Determining the nodule seafloor density of the entire mining area is impossible which makes the predicted collection
uncertain.

Because the polymetallic nodules lie on or just below the sediment surface they can be harvested similar to a potato
field. No crushing is needed, only a mechanical, hydraulic or hybrid uptake mechanisms are to be used to collect the
nodules[23]. When collecting mechanically, fork-like tools mounted on drums guide the nodules toward the collector.
Hydraulic collection will use water jets to lift the nodules, together with ambient sediments, which are subsequently
sucked into the nodule collector[23]. From the collector, the sediment, surrounding water and nodules are pumped
toward the VTS. As collecting nodules can be done with relative ease, it is expected that 300 to 500 tons of ore per
hour can be gathered by one collector. Flow-rate control and handling density waves will be a difficult objective for
present-day technologies[23].

Figure 1.6: Nodule deposit [53]

1.3. Mining process
Mining the ocean floor is a complex operation which is being developed continuously. First, a seafloor production
tool(SPT) specifically designed for that type of mining operation collects the deep-sea minerals. These minerals to-
gether with surrounding sediment and seawater are transported upwards through a vertical transport system (VTS) to
the production support vessel(PSV) on the ocean surface. The PSV separates the deep-sea minerals from the remain-
ing slurry in order to prepare it for transport. When ready, the minerals are transferred to a transport vessel which
ships them to their on-shore destination. Figure 1.7 illustrates the processes of mining the 3 types DMDs.
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Figure 1.7: Schematic overview of main deep-sea mining processes [53]

Of the three deposits, commercial mining of poly-metallic nodule is the most promising for the near future. However,
nodule collection from the ocean floor brings its own operational and environmental challenges. Figure 1.8 schemat-
ically shows the proposed process flow for nodule harvesting [27]. The solid lines represent the main flow (nodules)
and the dashed lines represent secondary flow (SWOE). The blue arrows indicate the general direction of the flow.

Figure 1.8: Schematic process flow. [27]

During harvesting, sediment and surrounding water will inevitably be collected with the nodules because nodules
lie either on top or just below the sediment surface. The sediment and unnecessary water transport is unwanted.
Separation at the ocean floor is required to minimize mass transport to the sea surface, and thereby reducing energy
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consumption and impact to the marine environment[27]. Sediments that are collected along with the nodules should
ideally be removed and disposed at the ocean floor immediately after the pick-up. The three main environmental
challenges are: mitigating the formation of near bottom plumes, separating the sediments from the nodules and
minimizing the seabed disturbance[27].

Figure 1.8 clearly indicates that when sediment and unnecessary amounts of water are separated from the nodules
at seafloor level (stage 2), the other processes will require less energy. Sediment would not have to be transported
through the VTS (stage 3) to the mining vessel. The mining and transport vessels would not have to separate large
amounts of sediment and water. And the transportation of dispensable material back into the ocean (stage 4) causing
environmental harm would be limited.
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1.4. Problem statement
The following can describe the problem statement: When mining for poly-metallic nodules in deep sea conditions
large amounts of sediment and water will be sucked into the suction pipes together with the manganese nodules.
This slurry consisting of sediment and water is undesirable when transporting the nodules to the surface for financial
and ecological reasons.If unnecessary amounts of mass is transported towards the ocean surface, large amounts of
energy and power are required. This needs to be avoided if possible.

When large quantities of sediment are deposited back into the ocean after separation, large plumes of suspended
sediment can cause environmental harm to life at the ocean floor which lives at a glacial pace. Normally sediment
would accumulate around 1 millimeter every thousand years. The slurry that is separated from the nodules becomes
the discharge plume when deposited back into the ocean. When this process happens high above the ocean floor, this
sediment plume can cover large distances and great areas[16]. When disturbing large areas with sediment plumes,
they would be unlikely to recover in a reasonable timescale.

It would be desirable for unnecessary sediment and water to be removed from the flow before it is transported toward
the surface as much as possible in order to save energy and minimizing sediment plumes by discharging sediment as
close to the ocean floor as possible.

1.5. Research objective
A better understanding of solid-solid and liquid-solid separation methods needs to be created and the underlying
physical phenomena need to be researched when designing a device that can be used to separate nodules from the
surrounding carrier fluid.

The aim of this project is to design a separation device inspired by a classic hydrocyclone that can separate poly-
metallic nodules from the surrounding carrier fluid and sediment as efficient as possible. This will be done by an-
swering the following research question:

’What is the feasibility of a hydrocyclone inspired machine designed to separate polymetallic nodules from
surrounding water and sediment in deep sea mining operations.’

In order to substantiate the conclusion several questions need to be answered:

1. When will the design be feasible?

2. What is the best method for this separation?

3. What principles of a hydrocyclone can be used for separation of the nodules?

4. What is the separation efficiency of this technique for the proposed operation?



2
Material properties

2.1. Polymetallic nodule data
Nodule and sediment characteristics, collector type and parameters and process flow overview are all needed when
designing a device capable of separating the ambient fluid from the required nodules. This information provided by
the Blue Nodules report, and consists of two sets of data. The first data set is provided by GSR (Global Sea mineral
Resources). This data was gathered from 25 box-cores during two sampling campaigns to the CCZ license area in
2017. The contents of these box-core samples were measured on the vessel immediately after recovery. The second
set gathered from just two box-cores examined by NTNU(Norwegian University of Science and Technology). These
box-cores where provided to NTNU by GSR and where examined in semi-dry state at in-house conditions[27].

The following section will make a selection of valuable data for the proposed separation process and explain why this
information is required for the design of a separation device. It must be said that the data gathered by GSR is based on
a limited sample volume compared to the area’s extent.

2.1.1. Nodule characteristics
The whole mining operation is based on extracting the manganese nodules from the ocean floor. Therefore it is im-
portant to understand the valuable nodule characteristics. Figure 2.1 and table 2.1 show the nodule characteristics
compiled from the GSR measurements. The GSR samples are more relevant than the NTNU samples in this situation
because GSR based their results on 25 box-cores and gathered data from the wet samples. As the separation process
will happen under wet conditions and nodule weight and density vary under wet and dry conditions due to their
porosity, the GSR results give an accurate representation of the insitu nodule characteristics.

Figure 2.1: Schematic presentation of the nodule dimensions [27]

9
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Length Ln Width wn Height hn (Ln+wn)/2 Wet weight Mw Volume V Wet density dw
[mm] [mm] [mm] [mm] [g] [ml] kg/m3

Average 71.8 57.3 34.4 64.5 168.3 85.1 2000
Max 140.0 120.0 92.0 130.0 2636.0 1300.0 5800
Min 11.0 9.0 5.0 10.0 0.6 1.0 100

Table 2.1: Nodule characteristics [27]

When looking at the wet densities from table 2.1. The first observation is that the average density of the nodules is
lower than ordinary sediment. This is most likely due to the porous nature of the nodules.
The second observation is the minimum wet density. With a density of 100 kg/m3 it is 10 times less dense than water
which would mean the nodules should float. This cannot be possible and therefore this is considered a measurement
error.
The GSR data does not explain if there is a physical difference in economically interesting or non-interesting nodules.
As it is unknown if low density or very small nodules have economic value, nodules of all sizes and densities larger
than ρ f are considered desirable for harvesting.

Table 2.1 indicates a minimal nodule diameter of 10 mm, which raises some questions. As nodules are formed around
a very small nucleus, it would be expected that nodules with economic value exist with a smaller diameter than the
minimum measured 1 cm. Accordingly, for this research the smallest nodules diameter desired for collection is 1 mm
[22].

Figure 2.2: Nodule cumulative mass distribution [27]

Determination of the maximum nodule diameter is also required. As different harvesting locations can have different
maximum nodule sizes [59], a maximum size for separation needs to be determined. The Blue nodule report indicates
that nodules with diameters larger than 120 mm are not collected. They will be discarded or rejected before entering
the harvester. As a result a maximum of 120 mm in diameter is established as the maximum nodule size entering the
separation device. Figure 2.2 indicates an estimation of only 2% of the total mass consists of nodules larger than 120
mm.

2.1.2. Sediment
In order to design a device capable of separating nodules from the surrounding slurry, more knowledge about the
slurry is needed. The sediment carried by the incoming flow consists of different grain sizes. Table 2.2 shows the
distribution of sediment characteristics found by GSR from their 25 box cores.
An overview of the slurry composition is important as it can have an effect on the flow behaviour. In order to determine
a separation technique the sizes and distribution of the particles in the mixture-flow need to be known.
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Diameter limits [µm] Average % Min % Max %
Clay Less than 2 12.0 2.5 18.4
Silt 2 - 63 76.2 44.8 89.8
Very fine sand 63 - 125 11.8 0 52.7

Table 2.2: Sediment fractions [27]

Tables 2.2 and figure 2.3 show the grain size distribution found by GSR.

GSR data PSD - D10 PSD - D50 PSD - D90

[µm] [µm] [µm]
Average 1.8 8.7 66
Max 4.7 67.7 185
Min 1.3 4.3 18

Table 2.3: GSR sediment characteristics [27]

Figure 2.3: Sediment particle size distribution of the GSR samples [27]

The largest sediment fraction, D90, will require the most attention when researching separation possibilities. The
largest grains will have the most similarities with the manganese nodules in terms of behaviour to the surrounding
flow.

2.1.3. Flow overview
After determining the solid characteristics, an overview of the flow into the separator can be constructed. This overview
needs to be formulated in order to predict the flow and particle behavior. For a successful separation this information
is essential.

Collector type
As stated in the previous section, nodules can be picked up in two different ways depending on the collector type.
This research will focus on hydraulic harvesting[22]. The difference is crucial for the separation device as the flow
mass and volume vary widely from mechanical collection. Hydraulic harvesting creates a volume flow rate almost
seven times larger than that of mechanical collection. Larger volumes of water sucked into the collector also results
in lower concentrations of solids. This can have an affect in separation efficiency. The following section will illustrate
important expected flow values of sediment, nodules and water collection from the CCZ when harvested hydraulically.

Table 2.4 indicates the prediction of mass and volume collection of sediment, nodules and ambient water during the
hydraulic collection process.
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Parameter Nodule Sediment Water Total
Mass [kg/s] 136.67 223.61 6399.17 6759.72
Volume [m3/s] 0.0668 0.0894 6.243 6.400

Table 2.4: Hydraulic collection characteristics [27]

From table 2.4 the concentrations can be determined with equations 2.1 & 2.2.

The mass concentrations:

cm = ms

mtot al
(2.1)

Where ms represents the total mass of the particular solids and mtot al represents the total mass of all the solids and
water combined.

The volume concentration:

cv = Vs

Vtot al
(2.2)

Where Vs represents the total volume of the particular solids and Vtot al represents the total volume of all the solids
and water combined.

The concentration of solids can have a significance influence on particle interaction and flow behaviour. The settling
velocity of individual particles is reduced when a large number of particles is settling in a confined space[54]. Particle
settling velocity is assumed to be one of the key parameters for determining the separation efficiency. Table 2.5 shows
low concentrations of solids are predicted for hydraulic pick-up.

Particles Mass concentration cm Volume concentration cv

Nodules (wet) 0.02022 0.01044
Sediment (dry) 0.03308 0.01397
Total 0.05329 0.02441

Table 2.5: Concentrations particles hydraulic collection [27]

The particle terminal settling velocity, wo , is the maximum velocity a particle reaches relative to the surrounding
fluid. However, in reality the particle settling velocity, ws , is often less than the theoretical terminal velocity. One of
the reasons for this difference is the influence of the volume concentration of solids. Higher concentrations lead to
more particle settling interference, resulting in a hindered settling. Figure 2.4 shows the settling velocity divided by
the terminal settling velocity of the particles as a function of the total volume concentration of solids c̄. The reaction
of the nodules to the surrounding solids is important to understand. Figure 2.4 illustrates a bimodal mixture, which
shows that different particle sizes have different reactions to higher concentrations.

Figure 2.4: Relative settling velocity for a bi-modal mixture of particles [54]
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Table 2.5 shows a total volume concentration of solids of only 0.02441. The smallest nodules considered in this re-
search have a diameter of 1mm. This is twice the size of the solids indicated with the dotted line in figure 2.4. Nodules
with larger diameters would experience even less hindered settling. Therefore it can be concluded that the nodules
to not experience any interaction with other present solids. However, this does not mean nothings changes due to
the present solids. According to the liquid equivalent model, a pseudo-homogeneous flow with a low concentration
of solids behaves as a single phase fluid with a density equal to the slurry. All other properties remain equal to that
of the fluid[29]. Derivation of the liquid equivalent model gives the following equation indicating the relative density
change of the fluid due to the presence of the particles.

cv s (Ss −1)+ cvn(Sn −1) = Sm −1 (2.3)

With:

Abbreviation Definition
cv s Volume concentration of sediment
cvn Volume concentration of nodules
Ss Relative density of the present sediment
Sn Relative density of the present nodules
Sm Relative density of the fluid

Table 2.6: Abbreviations equivalent liquid model

This equals a 3.07% percent increase in density.
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State of the art hydrocyclone

This research focuses on a device that is inspired by a conventional hydrocyclone in order to separate the polymetallic
nodules from the surrounding fluid and sediment as efficiently as possible. However, before doing so, it should still
be determined if a hydrocyclone is indeed the best option.

There are numerous separation methods and devices available that could help design a device for nodule separation.
Therefore, existing separation methods and devices are examined based on the conditions, restrictions & preferences
of the operation in order to determine if their separation principles can support the design. Reviewing separation
techniques should also confirm that a hydrocyclone is a correct piece of equipment to inspire the nodules separation
device. When a hydrocyclone is considered to have suitable qualities that can be used for nodule separation, it will
be examined thoroughly and every geometric variable is analysed for optimal separation efficiency of manganese
nodules.

3.1. Requirements separation methods & equipment
The conditions under which the separation process will take place are shown in chapter 1 & 2. These conditions
lead to several criteria for the separation device. Together with some additional criteria [22], they are be divided into
restrictions and preferences.

3.1.1. Restrictions
The vital requirements for the proposed device are shown under restrictions. The device should:

1. be able to separate solids from other solids and liquids.

2. be able to collect nodules with diameters ranging from 0.1 cm to 12 cm should all be collected.

3. have no moving parts (can cause blockage, or maintenance).

4. have a continuous separation process.

5. be unable to get blocked.

6. be low maintenance.

7. have a low pressure drop.

3.1.2. Preferences
The requirements that do not immediately cause the device to be a failure are named in this section. However these
requirements are still important[22].

1. Volume of device should be around 1 m3

2. Device can handle high flow rates of 0.5 m3/s

The reason for the division of restrictions and preferences is established as they have different consequences for the
feasibility of the proposed separation device. If a restriction is not met, the project can be defined as non-feasible.
Failing to comply with a single restriction would make the cyclone unsuitable for application in polymetallic nodule
separation in deep-sea conditions.

14
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As the separation device is intended to separate nodules on the the ocean floor, the idea is to integrate the cyclone
into the harvesting equipment. This harvester has certain dimensions and a designed flow rate. Therefore, the cyclone
should comply with those dimensions, and be able to handle the required flow rate to be applied. Not complying with
these conditions means the separation device cannot be used for this operation. However, this does not necessarily
mean it fails with other dimensions or flow rates and could possibly be a suitable device under different conditions.
Thus, the flow rate and the dimensions are categorized as preferences.

3.2. Separation methods
Besides complying with as many restrictions and preferences as possible, to be the best method, it must also be the
most effective at separating sediment and water from the nodules. The following section investigates the known
separation methods to find the technique with the highest potential.

For this research, only solid-liquid separation techniques are considered . It is not desirable to focus on other sep-
aration types according to type of medium as there would be an excess of options. For solid-liquid or solid-solid
separation, chemical methods are often used. This is not a possibility for deep sea mining operations. Therefore,
these options are neglected as well. Tarleton & Wakeman describe a large number of possible separation methods
in their book: ’Solid/liquid separation: equipment selection and process design’. Figure 3.1 shows a large number of
devices capable of separating solids from liquids and solids from solids.

Figure 3.1: Broad classification chart showing the forms of solid-liquid separators [51]

The preferences and restrictions indicate that the separation process needs to have a low resistance, be a continuous
process and, if possible, moving parts need to be avoided. This narrows down the possibilities considerably. Figure
3.1 shows, in the section centrifugal sedimentation, that hydrocyclones are indeed a potential equipment and can
possibly accomplish the proposed separation .
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Figure 3.2: Particle size and concentration as guides in the selection of solid-liquid separation equipment [49]

Figure 3.2 illustrates a guide created by Ladislav Svarovsky in his book Solid-liquid separation. This shows recom-
mended solid -liquid separation equipment guided by particle size and concentration. Svarovsky explains that for low
concentrations seen in chapter 2 and larger particle sizes, the main options are settling tanks, centrifuges, screens
and hydrocyclones. It should be noted that the graph above does not indicate a maximum size limit but is focused on
particle sizes much smaller than manganese nodules.

Blockage during operation would result in serious consequences, as mining must be stopped temporarily. Mainte-
nance or repair of a mining vehicle located at 6000 meters water depth causes large delays and high costs. In order to
avoid these consequences moving parts and screens are recommended to be avoided. Moving parts can break down
or jam and screens or filters can get blocked. Simple and robust devices have a preference for this particular applica-
tion.

Guided by figure 3.2, settling tanks and hydrocyclones are the best options. However, with limited available space
and high flow rates, hydrocyclones show the highest potential. Hydrocyclones are primarily designed for separation
of particles up to several micrometers. However, there is no evidence that larger particles cannot be separated by
a hydrocyclone. Therefore, researching hydrocyclone separation of manganese nodules from sediment en water is
justified.

3.3. Hydrocyclones
For more than a 100 years hydrocyclones have been used for a wide variety of separation purposes. Cyclones designed
for use with liquids are referred to as hydrocyclones [51]. Besides mineral processing as the traditional role of hydro-
cyclones, they now attract a lot of attention in numerous industries like biotechnology, chemical engineering and the
oil and gas industry [48]. Figure 3.3 shows a hydrocyclone in its basic form.

The hydrocyclone is a relatively compact, cheap and versatile device as the basic unit has no moving parts and com-
prises an inverted conical bottom section attached to a cylinder containing a tangential inlet[51]. A feed enters this
tangential inlet at a high velocity near the top of the cylindrical section. The fluid is pushed toward the bottom in a
spiralling fashion where it experiences a flow reversal and passes up as a central core. This central core actually flows
toward a central outlet in a reverse spiral[60]. This can clearly be seen in figure 3.3b.

Apart from compact, cheap and versatile other properties are advantageous for hydrocyclone compared to other sep-
aration technologies with similar principles. Unlike centrifuges and filtering equipment, the application of hydrocy-
clones offers low energy consumption, wide operating range, convenient installation and operation, low maintenance
cost, low energy consumption, small cut sizes, high separation efficiency and absence of moving parts[39].

Hydrocyclones are categorized as classification devices. Classification is a process of dividing a particle-laden stream
into two, ideally at a particular particle size, known as the cut size.[60]. A wide variety of classifier types are available,
which can be categorized according to their operation principles. An important distinction is made between classifiers
in which a partition of the particle size distribution is sought and gas cleaning equipment, in which removal of all
solids from the gas stream is the aim[60]. This particular operation requires separation based on both, as sediment
and fluid are unwanted

3.3.1. Components
Before the working principle is discussed, the individual components of a basic hydrocyclone are explained. Figure
3.3a and table 3.1 illustrate a schematic overview of the components found in a hydrocyclone.
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(a) Schematic cyclone [57] (b) Flow patterns cyclone [11]

Figure 3.3: Hydrocyclone

Symbol Definition
Di Inlet diameter
Dc Diameter cyclone
Do Vortex-finder/overflow diameter
Du Apex/underflow diameter
L Total length cyclone
L1 Length cylindrical section
lv f Length vortex finder
θ Conical angle

Table 3.1: Hydrocyclone geometric symbols

A basic hydrocyclone consists of five main parts. Following the path of the flow these parts are : tangential inlet
,cylindrical section, conical section, underflow pipe and the vortex-finder. The inlet is where the fluid enters the
cyclone tangentially. The cylindrical section is the section where the fluid arrives and where the swirling motion is
created that is needed for the separation. When the fluid flows in a circular motion in the direction of the underflow
spigot it passes through the conical section. This section is where the main separation process takes place. As not all
of the fluid passes through the underflow, the rest escapes through the overflow pipe called the vortex-finder. Due to
the spiralling fluid column a central vortex is created at the centre of the cyclone travelling in the opposite direction
toward a pipe at the top of the cylindrical section. This explains why this pipe section is called the vortex finder. As
heavy material is transported toward the edges, this exits through the underflow. Finer material that does not have the
time to travel toward the edges is carried by the central vortex toward the vortex-finder. In figure 3.3b the flow path
can clearly be seen.

3.3.2. Separation principles
The basic separation principle in a hydrocyclone is centrifugal sedimentation. This is a more efficient and faster way of
gravitational sedimentation. Combining the two accelerations results in a rapid removal of particles from a fluid. The
main difference between centrifuges and hydrocyclones is the absence of moving components[39] as the necessary
vortex motion is only performed by the fluid itself which is favorable when maintenance and repair are costly.

The inlet of the cyclone is designed to guide an incoming feed that generates the spiral path that creates the swirl
needed for centrifugal sizing [31]. The main hydrocyclone working principle is based on this centrifugal force that is
generated by the spin created by the spiral path. This centrifugal sizing is illustrated in figure 3.4. The direction of
larger and smaller particles can clearly be seen.
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Figure 3.4: centrifugal sizing hydrocyclone. [31]

3.3.3. Key performance parameters
By analysing the key performance parameters of a hydrocyclone, its separation efficiency can be determined. These
performance parameters consist of the partition curve, split ratio, capacity and energy consumption. The efficiency
of particle separation can be obtained from the partition curve and the efficiency of the separation of the fluid is de-
scribed by the split ratio.

Partition curve
The feed to a hydrocyclone contains unsorted particles of different sizes and shapes. A perfect hydrocyclone would
guide all course particles toward one stream, the underflow, and all fine particles in the direction of the other stream,
the overflow. The cut size of the cyclone, d50, is defined as the point at which the particles are equally affected by the
forces and where particles have a 50% chance of either flowing to the underflow or overflow streams[40].

During operation some fine particles will get in the underflow and some coarse particles get in the overflow. It is said
that the sharpness of separation decreases if more of the fine particle report to the underflow and coarse particles re-
port to the overflow. The complexity of the flow process in a hydrocyclone leads to empirical equations for prediction
the actual cyclones performance[34]. This makes an accurate prediction of the cyclones’ performance difficult when
no resembling experimental data is available.

In reality fine particles also get bypassed to the underflow as they remain suspended in the carrying fluid. Therefore
the underflow will contain both fine and coarse particles. This does not occur in the opposite direction. Large particles
travel toward the wall more freely. Therefore they are not likely to be collected by the vortex-finder.

Figure 3.5: Partition curve hydrocyclone. [40]
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Figure 3.5 illustrates a partition curve of a hydrocyclone. Particles below the curve are collected in the underflow and
the particles above the curve are collected in the overflow. A perfect hydrocyclone would have a straight vertical line
with all particles on the right reporting to the underflow and all particles on the left reporting to the overflow. When
implementing the imperfections and the sharpness of separation you get the corrected curve. The actual curve shown
in figure 3.5 is obtained when implementing the bypass effect.
Split ratio
The ratio between the volume flow through the apex and the volume flow through the vortex-finder, Qu/Qv f is called
the split ratio. The main goal of this hydrocyclone is separating the coarse particles from the rest of the slurry. This
means that when large amount of the surrounding fluid exits through the underflow pipe with the coarse particles is
unwanted. The bypass effect described above will also increase as the flow through the apex increases. Therefore a
low split ratio is beneficial for high separation performance[39].

Capacity
A high capacity is almost always beneficial for any separation activity. Hydrocyclones have a relative high capacity
compared to their size. However, just like all other separation techniques, it is limited. This capacity depends on the
size, shape, flow characteristics and requested separation. Larger influx of slurry results in higher velocities inside the
cyclone. This adjusts the direction of forced sedimentation, shorter residence times, higher turbulence and increased
pressure. To counter these effects, the shape and size of the cyclone must be adjusted. Therefore, shape, size and ca-
pacity are all connected. When available space is restricted the capacity will be restricted as well. For higher capacity,
larger cyclones are required[39].

Energy consumption
The final key separation-performance is energy consumption. Hydrocyclones are known for their low energy con-
sumption. But this depends on a lot of factors. The energy consumption depends on the size, shape, volume flow and
flow composition.

It is expected that many low split ratio, low energy consumption, and low costs cyclone separation technologies will
be developed and applied successfully in the near future. Long Ni, et al. claim that the application scope of hydrocy-
clones can be expanded greatly[39].

3.4. Optimal geometry cyclone
Standard classical hydrocyclones performances have been investigated. E.g. Rietema [42] and Bradley [5] both re-
searched the performance of hydrocyclones. They investigated cyclones with standard dimensional ratios. As a result
of their research, hydrocyclone performance can be predicted relative accurate. However, these standard cyclones
are not designed for separation of large poly metallic nodules. These cyclones are designed to separate particles of a
few micrometers. Thus unfortunately, their findings cannot be used for the design and performance prediction of a
cyclone than required for this operational purpose.

Figure 3.3 shows a schematic overview of a basic hydrocyclone. The cyclone can be divided into 5 primary parts that
need investigating for optimization of the proposed separation. The following section will elaborate on these parts
individually and elaborate on how they can be modified for enhanced separation. Appart from the 5 primary parts a
wide variety of extensions exist. However, for this project focusing on all extensions is not possible as there would be
too many parameters to research. Therefore, the focus lies primarily on the 5 standard parts.

Tangential inlet
The inlet pipe is attached tangential to the cylindrical section. This is where the feed enters the cyclone. Three differ-
ent types of alterations are known to have an effect on separation efficiency: inlet size, angle and shape.

Inlet size

For circular inlets the size is inversely proportional to energy consumption[58] [56]. This is logical as the energy con-
sumption is directly proportional to the inlet velocity which is inversely proportional to the square of the inlet diam-
eter. With the decrease of inlet diameter, the separation efficiency first increases and than decreases. This can be
appointed to the following: When the inlet size is extremely large, the flow velocity will decreases which decreases
the centrifugal force. But when the inlet size is extremely small, the velocity increases drastically, resulting in a high
centrifugal force that can result in break-up problems, where particles reduce in size. [39]

Where available space is limited the inlet size can play a crucial role for the separation efficiency. When low flow
velocities are desired, a squared inlet is recommended. As a square inlet has the largest surface area, lower average
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velocities can be obtained. This makes a squared cross section the preferred shape for this research.

Inlet angle

The inlet angle is another parameter affecting the separation performance of cyclones and is capable of eliminating
the bypass effect. However this only has a significant effect for small particles in the 4-7 µm range. [14]. Separation
efficiency was not affected for particles larger than 15 µm. This research was done on mini hydrocyclones. So these
findings are not representative for the large cyclone proposed for this design. Therefore, it is not ruled out that an inlet
angle can have an effect on separation performance. However due to lack of supporting information an angle is not
recommended.

Inlet shape

Several shapes have been investigated for separation enhancement. Chu et al. researched 5 different inlet shapes seen
in figure 3.6. These investigations included: involute type, A1, tangent type, A2, arc type, A3, slanting type, A4, and
spiral type, A5.

Figure 3.6: 5 inlet shapes [6]

Chu et al. concluded that only the spiral type was capable of reducing the corrected cut size. A reduced corrected cut
size is not interesting for this research at this moment, as a relative large cut size is desired compared to traditional
hydrocyclone operations.

The shape and direction outside the cyclone will also have an effect. If the pipe attached to the inlet is curved the
particles in the flow will be located more to the outside of the flow. The angle of the pipe outside the inlet can also
have a significant effect. When the pipe attached to the inlet has an inclined angle, particles will move slower than
the average flow velocity. If the angle is declined, particles will move faster than the incoming flow. When there is a
horizontal angle, particles will enter the cyclone more in the direction of the edge or center depending on direction
due to their inertia. These factors lie beyond the scope of this research.

Cylindrical section
When the feed enters the cyclone, it arrives in the cylindrical section. Due to the tangential inlet, this is where the
’swirl’ is created. As the fluid containing the particles is pressed against the cylinder wall, the fluid is pushed into a
circular motion creating a swirl. This swirl is essential for effective classification.

Diameter

This section generally ranges from 10mm to 2.5m [39], and plays an important role in the separation process. The cut
size, which is explained in the previous section, is proportional to the cylindrical-section diameter of the cyclone[5].
Several studies show that decreasing the cylindrical section diameter is an essential approach toward enhancing sep-
aration efficiency[39]. However these researches focus on cut sizes up to several micrometers. This is not close to the
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cut size needed when separating polymetallic nodules from the carrier fluid.
The application of large hydrocyclones is increasing due to their high capacity and low energy consumption. The use
of large hydrocyclone is generally limited by it’s low efficiency of separation of fine particles and that of material with
small marginal density difference[39]. However, this does not need to be a problem in this situation and could possi-
bly work as an advantage for the proposed application. Therefore, the maximum possible diameter is recommended
to be implemented into the proposed hydrocyclones’ design.

Length

With an increased length of the cylindrical section, separation efficiency and capacity can increase[15]. This results
from a larger space inside the cyclone and a longer residence time of the fluid[46]. An increased cylinder length is
not always an improving feature. In some cases hydrocyclones are even made without a cylindrical section [5]. In a
situation where space is limited, it should be questioned if an increased cylinder has any added value.For separation
of large particles from sediment, an unknown application for a commonly used cyclone, there probably is a negative
effect when extending it cylindrical section length. This can cause sediment to move toward the wall as well, which is
not desirable. Only the nodules need to travel completely toward the outer wall.

Conical section
The main separation area in hydrocyclones is the conical section. Differences in conical angle an shape can largely
effect the separation efficiency and performance. Therefore, the effects of various conical shapes and sizes must be
understood in order to optimize the performance of the hydrocyclone.

Cone angle

An enhanced separation efficiency for hydrocyclones is found when decreasing the cone angle [48]. The circulation
flow in the conical section is fundamentally influenced by the cone angle. When cyclones have small cone angles up
to approximately 25°, they can be employed to obtain relative low cut sizes. This is because a the circulation flow
is suppressed which leads to a fine particle separation. Svarovsky et al.[49] describe that cyclones with cone angels
between 25°and 180°show high classification sharpness, specifically for separation of fine particles of a similar size by
particle density.

As shown in chapter 4, the nodules that need to be guided toward the underflow vary between 1 mm and 12 cm in
diameter. This range is far from any available study with significant information. Therefore, from literature only, it is
not clear what phenomena will occur for different cone angles when separating the nodules. Chapter 4 introduces a
theorem constructed for the required cone angle.

Shape

Various conical sections were developed to enhance hydrocyclone separation as this is the main separation space.
Yang et al. [64] devised several cyclones with two cone combinations in order to enhance solid-liquid separation for
solids up to 70µm in diameter. Figure 3.7 illustrates a cyclone with a two cone combination.
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Figure 3.7: Two cone combination [64]

They observed three phenomena. The first observation was when the second conical angle is maintained constant,
the separation efficiency is proportional to the first conical angle. The second observation involved that the varia-
tion between the two conical angles is inversely proportional to the sharpness of the grade efficiency curve. The last
observation was when the conical angle of the second section was considerably smaller than the first, the separation
efficiency of small particles increased significantly.

Chu et al.[6] compared five types of cone sections for separation performance. Figure 3.8 shows these types of cone
sections. From C1 to C5 the types are : parabola type, hyperbola type, spiral type, one with a smooth surface and a
ringed type. The cone with a smooth surface showed to be capable of obtaining the smallest corrected cut size.

Figure 3.8: 5 Conical shapes [6]

Conical sections composed of two cone combinations found a higher separation efficiency for smaller particles, which
is not required when sediment needs to leave through the vortex-finder as much as possible. And implementing a spe-
cial conical shape from figure 3.8 is risky as these have not been tested on large scale cyclones. However, the smooth
surface cone obtained the smallest cut size. This means the other shape might be more promising when larger cut
sizes are wanted.
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Underflow pipe
The underflow pipe, also known as spigot or apex has a large influence on the performance of a hydrocyclone [39]. Ex-
perimentation and simulations have shown that when increasing the spigot diameter caused both the split ratio and
separation efficiency to increase([36],[17]). On the other hand, an extremely narrow underflow-pipe resulted in a very
low separation efficiency and a small split ratio. Therefore, an optimum underflow-pipe diameter exists depending
on it’s operation[36].

A variable spigot diameter is used by most commercial hydrocyclones. In order to obtain the optimum separation
performance, the spigot diameter is highly critical, but it is a challenge to reliably predict[39]. In traditional hydro-
cylones blockage is not an issue when working with low concentrations. The diameter of the particles that need to
be separated normally vary around a couple of µm. As it is of extreme importance that the underflow is not blocked
when mining at depths around 6000 meters, a wide enough underflow diameter needs to be implemented into the
design of the prototype. An well-considered apex diameter should be selected with a minimal size but is large enough
to be certain it is not obstructed during operation.

Vortex-finder
The vortex-finder can be described as a pipe section entering the cylindrical section of the hydrocyclone designed
to prevent particles to directly escape into the overflow and induces the separated fluid to flow upward in an axial
direction[28].

Length

The separation performance of a cyclone is strongly effected by the vortex-finder length. Numerous studies ([28] ,
[24], [47], ) found the vortex-finder length should be shorter than length of the cylindrical section L1. Generally the
optimal length of the vortex finder is described as a ratio between the vortex-finders’ length to a specified dimension
of a hydrocyclones’ component. Specifically the diameter or length of the cylindrical-section or the total length of of
the vortex-finder and the conical section. From these ratio’s for optimum vortex-finder length, the ratio vortex-finder
length to cylindrical-section length is found the most appropriate [20].
This is the result of research done with narrow or small hydrocyclones. And it is difficult to determine if a optimum
ratio for vortex-finder lengths exists as it is a function of geometric dimensions, flow rate, feed-particle concentration,
particle size[37] particle density[38] etc. An interesting research of separating nodules from sea water and sediment,
is done by Wand et al. The model created for the research shows that separation efficiency decreases for fine parti-
cles but increases for relative coarse particles as vortex-finder length decreases[61]. Therefore, a vortex-finder that is
longer than the cylindrical section is not recommended.

Diameter

In the same model where they studied optimal vortex-finder length, Wang et al.[61] also find that a thin vortex finder
is helpful to high separation efficiency for coarse particles. This comes with a downside, however. It would result in a
larger pressure drop and a higher split ratio[61].

The cone ratio(ratio of apex diameter and vortex-finder diameter) is often used as one of the variables used to design
hydrocyclones. However, Shah et al. [44] explain that the use of cone ratio can be misleading. As the underflow diam-
eter and vortex-finder diameter are considered independent variables, the ratios between them are not suitable to be
employed as variables[44].

In this case it is best to use ratios that have been implemented in the past. For example, Bradley and Rietema cyclones
use Dv f /Dc as a standard ratio. Both ratios have values around 0.3. Because these ratios have proven to obtain low
split ratios, a Dv f /Dc of 0.3 is found to be satisfying.

Thickness

The degree of influence on separation sharpness can be arranged in the following order: The diameter of the vortex-
finder has a larger influence than its length, which in turn has a greater influence than the thickness of the walls[50].
This does not mean thickness has no influence at all. Research suggests ([6], [61]) that by decreasing the thickness of
the vortex-finder walls, the separation efficiency will increase. Therefore a thin-walled vortex-finder is recommended.
It should however be able to handle the wear and forces that are involved in the separation process.
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Shape
In the search for an optimum separation efficiency several shapes and structures have been tested for vortex-finders[6].
Figure 3.9 shows the vortex-finder shapes that were researched by Chu et al. They determined that the conventional
thin walled straight pipe (on the left) had the smallest cut size.

Figure 3.9: Vortex-finder structures tested by Chu et al. [6]

Besides different shapes, other structures have also been tested. E.g Wang et al.[62], changed the standard solid
straight rod with a porous filter that allowed fluid to pass through but keep the particles out of the overflow. This
significantly reduced short circuit flow and the turbulence surrounding the overflow pipe.

Many sizes, shapes and structures have been researched for the optimum vortex-finder. However, it cannot be de-
termined if any of these shapes and sizes benefit separation efficiency for this particular hydrocyclone. The research
done for these varying vortex-finder shapes was done with the purpose of separating extremely small particles with
small cyclones. Accordingly the vortex-finder implemented into the design is recommended to be a standard, thin
walled pipe that doesn’t exceed the cylindrical section length L1.

Other parameters

As stated in the beginning of this section, the following geometric parameters can not be implemented into the design:

Separation technology Definition
Inclination angle Angle under which hydrocyclone is used
Insertion Addition of objects influencing flow
Water injection Water is injected into cyclone in conical section, flushing lighter particles toward the core
Reflux device Device designed to reroute the exiting flows
Multi hydrocyclone arrangement Combining cyclones in series and/or parallel to obtain higher efficiency

Table 3.2: Other geometric parameters capable of optimizing separation

It must be noted that these parameters have been examined in this research if they can help the separation of the
nodules and if the can easily be implemented into the design. However, due to the restrictions caused by this research
these parameters cannot be adjusted or implemented in the design of a prototype. That is why they are not reviewed
or implemented in this research.



4
Cyclone design

Now that it is established that cyclones can potentially separate nodules from the surrounding fluid and sediment un-
der the proposed circumstances, a design can be constructed. The following section will illustrate the design process
and shows a prediction of how this design is expected to perform. First a theorem is explained that determines the
conical angle of the hydrocyclone. Secondly a design can be constructed with this angle and the information from
the previous chapters. After this design is put together its performance is predicted by assessing individual particle
behaviour. If the predicted performance is insufficient, the design has to be altered.

4.1. Conical angle
When designing a separation device inspired by a hydrocyclone the first thing that needs to be done is assessing the
internal process. One of the main requirements is the continuous flow through the cyclone of both water and particles.
This requirement restricts particles from remaining inside the cyclone. Otherwise the cyclone would act like a bag-less
vacuum cleaner. Vacuum cleaners require emptying from time to time. This needs to be avoided.
In order to be certain of a constant flow of nodules and sediment a maximum conical angle θ is constructed. When θ

becomes too large, the suspended particles would not be transported downwards. A holdup at the edge between the
cylindrical and conical section is expected. A similar situation is where a roulette ball does not slide down towards
the spinning wheel when the velocity is too high. It remains at the edge until its velocity is reduced. This situation is
illustrated in the 2D figure 4.1a and gives the following theorem for the maximum conical angle θ:

When the direction of the force vector created by, gravity, centripetal force and drag is perpendicular to the conical
wall the particle does not move parallel along the wall in the illustrated 2D plain. Because the illustration is only meant
to illustrate the direction of the force vector of the particle on the wall, the reaction force of the wall on the particle is
left out.

(a) Schematic overview of particle against conical wall

(b) Schematic overview of forces acting on particle near conical wall

Figure 4.1: Particle-wall interaction

Figure 4.1b illustrates the the vectors of the centripetal, gravitational and drag forces. For the calculation of the result-
ing vector, several assumptions are made. As there is very little information about the processes outside the cyclone,
the nodule velocity in axial direction is equal to the inflow velocity. The second assumption is that there is no drag

25
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force created by wall-particle interaction. This is because little is known about the flow regime and the particle be-
haviour at this point. There is a chance particles bounce off the inner walls and do not slide along them. The third
assumption for this calculation is that the smallest particles are the most crucial. As smaller particles are more likely
to be influenced by the surrounding fluid and particles they are the ones the force calculation should focus on. Larger
nodules are more likely to move down toward the apex. The last assumption is that the flow inside the cyclone is
highly turbulent. It is reasonable to assume this before the final flow velocities and cyclone dimensions have been
determined as it is known that the cyclone’s size is approximately 1m3 and the flow is 0.5 m3/s.

From the three forces needed to obtain the direction of the total force vector, the drag force is considered first. The
drag force, Fdr ag , acts in the direction of the apex and is dependent on the relative velocity, vr el and the surface of the
particle in the flow direction, Ap . Therefore the drag force on the particle is expected to be very low.

Fdr ag = 0.5ApCDρd w v2
r el (4.1)

The drag coefficient CD is considered 0.4 for turbulent regimes[54]. ρd w represents the deep-sea water density. This is
equal to 1050 for depths around 4000 - 6000 meters[63]. This gives Fd = 1.65 ·10−4 · v2

r el for the smallest nodules with
1mm diameter. For this case vr el is assumed as a low as the nodule will have a velocity close to that of the surrounding
current in the vertical direction.

This leaves a negligible low value for the drag force. Therefore, the direction of the total vector will be a combination
of just the centripetal force and the gravity force. The masses in equations 4.2 & 4.3 must be adjusted to submerged
weight according to Archimedes’ principle.

Fg = mg (4.2)

Fcentr i pet al =
mv2

i

rc yl i nder
(4.3)

Figure 4.2 illustrates the positions of α and θ that are needed for the determination of the conical shape. When α is
known, the conical angle can be found in the following way:

θ = 1800 −2 ·α (4.4)

Where α is determined by:

α= t an−1(
Fcentr i pet al

Fg
) = t an−1(

v2
nod

g · rc yclone
) (4.5)

Figure 4.2: Angles α and θ
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A design can be constructed for the whole separation device not that it is possible to determine the maximum conical
angle. This will be done by programming the cyclone geometric characteristics in Matlab. Together with the geomet-
ric suggestions made in chapter 3 and the theorem shown above, inputs are determined for the construction of the
design.

4.2. Design determination
For the design of the separation device Matlab has been used. Matlab has been selected as the preferred tool as
changing parameters will automatically adjust the design. One of the goals of the design is to minimize the volume of
the cyclone. Therefore, minimization of the volume is always kept in mind.

4.2.1. Geometric dimensions
Some inputs are values that are not adjustable. The values like gravitational acceleration and water density are all set.
However, these are not the only values that are set in the beginning. Nodule and sediment characteristics together
with the incoming volume flow are all values that are not influenced by the design. These values are documented in
the script before determining the geometric characteristics.

The first geometric parameter input is the cyclone diameter. The cyclone diameter is kept at a constant maximum
value of 1 meter. The goal is to keep the volume below a maximum of 1 m3. When the diameter is reduced, a smaller
inlet is the result. A smaller maximum inlet surface would cause an increase in inflow velocity which causes the coni-
cal section to extend heavily as described in the theorem in the previous section. Therefore, the maximum allowable
cyclone diameter of 1 meter is chosen.

The second parameter input is the apex diameter. This diameter must be chosen as small as possible. A large un-
derflow diameter would cause large amounts of carrier fluid and sediment to escape through the underflow reducing
the efficiency of the cyclone. However, this cannot be taken too small as blockage would be disastrous. Normally a
pipe would be recommended to have at least 3 times the diameter of that of the largest particles passing through.
But for this case this is unnecessarily large. According to table 2.5 the volume concentration of solids is only 0.0024.
Also, the weight fraction of nodules exceeding 10 cm is only 20% of the nodules, which indicates an even lower chance
of large particles being at the exit at the same time. Thus 2 times the diameter of the largest nodules is found to be
sufficient[22].

For the following parameters compromises need to be made. As the cylindrical section diameter is limited , the in-
let and the vortex-finder needs to fit next to each other, as the incoming slurry should not be pushed against the
vortex-finder. This would result in higher velocities due to narrowing space, disturbed flows and probable particle -
vortex-finder interaction. As classical Rietema and Bradly cyclones use a vortex-finder width to cyclone diameter ratio
Do
Dc

of around 0.3 [42] this is implemented into the design. This leaves 0.35 Dc for the inlet diameter.

The previous chapter explained that several hydrocyclones use a square inlet. For a short cyclone, the conical angle θ
needs to be large. θ increases with a lower velocity of the stream. A larger inlet surface reduces the inlet flow velocity
when the volume flow is constant.

Vi nlet =
Qi nlet

Ai nlet
(4.6)

Taking a square inlet gives the maximum surface and therefore a lower average flow velocity. This results in a fixed
inlet of 35cm (wi ) by 35cm (hi ). This 35 cm inlet height, hi , is also chosen to be the height of the cylindrical section
in order to minimization of the cyclone. Like the previous chapter explained, a cylindrical section is not always nec-
essary and sometimes totally absent. Due to the inlet size and the simplicity of the design however, it is implemented
here.

The vortex-finder length Lv f is the last dimension to be determined. Lv f has been subject to numerous researches
with optimum length differing per objective as a result. This complicates defining a preferred length for this type of
separation. However, as explained in the previous chapter, a vortex-finder length equal or shorter than the cylindrical
section length is recommended. Because removing length is easier than adding it, the vortex-finder length will be
equal to the cylindrical section length.
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Figure 4.3: Hydrocyclone dimensions

With these values the prototype cyclone is designed. The calculated dimensions and parameters are illustrated in fig-
ure 4.3 and table 4.1. The resulting average inlet flow velocity is 4.08 m/s with these inlet dimensions. Implementation
of equations 4.4 & 4.5 result in a conical angle θ of 32.80. Unfortunately, this results in a total cyclone length(Lc ycl ) of
1.64 meters. Which indicates that if the theorem of the conical angle is correct, the cyclone would exceed its’ preferred
dimensions. However, because the conical angle theory is constructed with very conservative assumptions, it is likely
θ is too small in reality and the cyclone can probably be shorter.

Qi Dc wi Li Dv f lv f Du L θ Vc ycl Tr es vi

0.5m3/s 1m 0.35m 0.35m 0.3m 0.35m 0.24m 1.641m 32.810 0.71m3 1.43s 4.08m/s

Table 4.1: Hydrocyclone dimensions & parameters

4.2.2. Alternative angle
Because the conical angle design of the cyclone is conservative, a larger conical angle is researched. When testing a
wider cone, the theory of circulating particles from section 4.1 can be investigated. The design with the conical angle
of 33.20 is taller than 1m, which is undesirable due to the maximum dimensions introduced in section 3.1.2.

The velocity and direction of the arriving particles through the inlet depends on factors outside of the cyclone. In-
coming angle of the inlet pipe, shape and flow velocity among others, all affect the way particles are introduced into
the swirl. Not all factors can be take into account for the determination of a large conical angle. Therefore the second
angle is determined with the assumption of particles arrive at 0.5 vi [22]. Implementing this velocity into equation 4.5
and 4.4 the cyclone with the larger conical angle has the following dimensions:
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Figure 4.4: Dimensions hydrocyclone with larger conical angle

Qi Dc wi Li Dv f lv f Du L θ Vc ycl Tr es vi

0.5m3/s 1m 0.35m 0.35m 0.3m 0.35m 0.24m 0.67m 99.330 0.38m3 0.769s 2.04m/s

Table 4.2: Hydrocyclone dimensions & parameters

The new conical angle is a lot larger than the original. This proves that the conical angle is very responsive to the ve-
locity of the flow. Further investigation can provide further insight of the impact of the conical angle on the separation
process.

4.3. Flow and particle behaviour
A prediction should be constructed of the performance of the designed cyclone. If the prediction is unfavourable, the
design must be adjusted on order to enhance the cyclones performance. If no satisfying outcome is found, any future
research is not recommended.

4.3.1. Mixture viscosity
The viscosity of a slurry or mixture depends, amongst others, on the total volume concentration of solids[18]. A re-
lation was proposed by Einstein (1906) describing the relative viscosity as a function of the volume concentration of
solids. After Einstein described this relation three more researches have been conducted adjusting this theory. These
adjustments prove to be more accurate for higher concentrations. Nonetheless, as figure 4.5 shows, for a low concen-
tration of 0.024, Einsteins theorem proves to be sufficiently accurate.

Figure 4.5: Mixture viscosity [18]
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Einsteins function 4.7 describes relative mixture viscosity. This relative mixture viscosity is the ratio between the
dynamic viscosity of the fluid and the dynamic viscosity of the mixture.

µr = 1+2.5αt (4.7)

Where µr = µm / µ with µr and µm the relative mixture viscosity and mixture dynamic viscosity respectively. With
a concentration, αt of 0.024, µr has a value of 1.06. This indicates a very low change in viscosity due to the present
solids. Einsteins’ relation only holds for dilute suspensions. As it has the same outcome as the other three relations, it
can be concluded this mixture acts as a dilute suspension[18]. This means the solids in the flow do not have a signifi-
cant effect on the rheology of the flow.

The presence of suspended particles is not the only factor that is different from normal sea water that largely influ-
ences the viscosity of the fluid. A fluids viscosity is strongly a function of temperature. At depths varying from 4000 to
6000 meters the water temperature varies between 1 ◦C and 3 ◦C [41]. At these temperatures dynamic viscosity would
roughly be 0.0017 Pa, which is 1.7 times higher than water at 20°[52].

4.3.2. Turbulence
Before investigating the behaviours of varying particles, the flow itself needs to be described. To be more precise, the
turbulence of the flow inside the cyclone must be established.

Re = ρ f vi Dc

µ
(4.8)

Equation4.8 shows how the turbulence is calculated. Here Dc is chosen as the characteristic length scale and vi as the
fluids velocity. All the necessary values are indicated in previous sections, and result in a Reynolds number of 2.46·106.
This indicates a high turbulent flow regime inside the cyclone.

4.3.3. Particle behaviour
With the constructed design of a prototype, a prediction of the separation process is made. When the prediction does
not indicate a proper functioning design, testing is irrelevant. Therefore a prediction is constructed for the different
particle behaviours inside the hydrocyclone. The suspension contains a large variety in particle sizes and weight that
all react uniquely to the surrounding fluid flow.

A hydrocyclones’ separation method relies on centrifugal sedimentation. Particles can react in three categorized ways
inside the cyclone:

1. Particles move toward the centre of the swirl.

2. Particles remain spread out in the flow.

3. Particles move toward the cyclone wall.

For particles to fall under the first category, their buoyancy, FB should be positive. They must have a lower density
than that of the surrounding fluid, ρs < ρ f , in order to ’float’ and move toward the centre of the vortex. It can be
assumed that all particles collected from the ocean floor have a density higher than sea water. This option is therefore
ignored and only options 2 & 3 remain.

If particles would circle for an infinite time, they will all move toward the cyclone wall if their density is higher than
that of the fluid. However, the time a particle has for it to move toward the outside of the swirling flow is limited.
An approximation of this time can be made by constructing the residence time of the fluid inside the cyclone. This
residence time of the fluid can be approximated by dividing the volume of the cyclone by the volume flow.

Vc yclone

Qi
= Tr esi dence (4.9)

The geometry of the preliminary design above and a flow of 0.5 m3/s result in a estimated average residence time
of the fluid of 1.42 seconds. For a cyclone with a larger θ, and thus a smaller size, this residence time will decrease
even further. Therefore the following assumption is made: If a particle holds it’s original trajectory when entering the
cyclone toward the cyclone wall, it can be be separated from the rest of the fluid in time for it to leave through the
underflow. If a particle does not follow its original trajectory coming out of the inflow pipe and gets carried by the
surrounding flow it can be assumed this particle remains suspended for the time it spends inside the cyclone.
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4.3.4. Particle response
Chapter 2.1.3 indicates the nodules do not experience the presence of the sediment due to the size differences, weight
differences and low concentrations. This only leaves the particle-fluid interaction to be investigated. The Stokes num-
ber is an inertia parameter characterizing the particle motion that is often used for prediction of a particles reaction
in a flow. [25]. This number is the ratio between the adjustment time of a particle to its surrounding compared to the
timescale of adjustments in this surrounding.

Stk = τp

τ f
(4.10)

Where Stk is the particle Stokes number with τp and τ f the particle and the fluid response time respectively. For
the prediction of the individual particle behavior in the cyclone, the rotation time of the fluid in the cyclone can be
used for τ f . The particle adjustment time τp however, is more difficult to predict. This is because the governing force
determining the adjustment time of the particle is the drag force Fd .

The determination of this Fd differs depending on the flow regime. Fd is dependent on the drag coefficient Cd. Equa-
tion 4.13 indicates that for the laminar (Rep < 1) and transition regimes (1 < Rep < 2000), Cd is a function of the

particle Reynolds number defined as Rep = w0d
ν . Where ν is the kinetic viscosity of the fluid and w0c is the terminal

settling velocity of the particle in the cyclone. The terminal settling velocity is found with equation 4.11.

w0c =
∆d 2

√
g 2 +a2

c

18ν+
√

0.75∆d 3
√

g 2 +a2
c

(4.11)

Where
√

g 2 +a2
c is the total acceleration due to centripetal force and gravity, and ∆ is the specific denstiy, defined as:

∆= ρs −ρw

ρw
(4.12)

Equation 4.13 shows that for all flow regimes different relations apply for Rep and Cd. However, for Rep > 2000 the Cd
becomes independent from Rep [54].

C d =


24

Rep
for 0 < Rep < 1

24
Rep

+ 3p
Rep

+0.34 for 1 < Rep < 2000

0.4 for 2000 < Rep

 (4.13)

This indicates that larger particles with higher w0 and larger diameters have a Cd independent of the Rep and their
particle motion can be considered independent of the viscosity of the surrounding flow. Table 4.3 shows the particle
Reynolds number of the different individual particles.

Particle Diameter [m] Rep

D10 1.80 ·10−6 6.17 ·10−6

D50 8.70 ·10−6 6.93 ·10−4

D90 6060 ·10−5 2.74 ·10−1

Smallest nodules 1.00 ·10−3 8.31 ·101

Average nodules 6.45 ·10−2 4.95 ·104

Largest nodules 1.20 ·10−1 1.26 ·105

Table 4.3: Particle Reynolds numbers per fraction

Table 4.3 clearly indicates that the nodules all have a Rep value higher than unity. Depending on the regime a suiting
parameter should be implemented for a successful prediction of the particle response. Therefore, two parameters, Stk
and r, are proposed to predict the particle behaviour in the swirl in the cyclone. Depending on the combination of
Stk and r a more accurate particle behaviour can be projected by determining the different regimes. Just like equation
4.10 Stk and r both ratios of particle and fluid timescales. In order obtain Stk and timescale ratio r, three regimes are
defined depending on the timescale at which particles move.
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1. Free fall regime:
For this regime, the drag force caused by the fluid is completely neglected. This would be the case for dry granular
flows. The corresponding micro timescale is equal to the time it takes for a particle to travel one particle diameter:

t = t f al l
mi cr o = dp√

Pp

ρp

(4.14)

2. Inertial regime:
In this regime, the range of motion is governed by the inertial drag force Fd . Fd for a circular fluid motion is given by

Fd =Cdρ f dp

√
g 2 +a2

c . Where Cd is independent of Rep for Rep > 2000. The inertial micro time scale is equal to :

t = t i ner t
mi cr o = dp√

Pp

ρ f Cd

(4.15)

3. Viscous regime:
The motion of the particle is governed by the viscous drag and pressure in this regime. This results in a terminal
settling velocity that is quickly reached. The drag force is dependent on the viscosity of the fluid. The viscous micro
time scale is represented by:

t = t vi sc
mi cr o = η

Pp
(4.16)

Timescale ratio r corresponds to the ratio of the free fall timescale and the inertial timescale. The number r is obtained
from equation 4.17.

r = t f al l
mi cr o

t i ner t
mi cr o

= ρp

ρ f C d
(4.17)

Combining equations 4.13 and 4.17 clearly indicates that r is independent from the fluids dynamic viscosity η for
particles with high Rep values.

r =


ρp

ρ f
· ( 24

Rep
+ 3p

Rep
+0.34)−1 for 1 < Rep < 2000

ρp

0.4ρ f
for 2000 < Rep

 (4.18)

The Stokes number in equation 4.19 is the ratio between the free fall time scale and the viscous time-scale. Not only is
the is Stk dependent on the fluid viscosity, it is also dependent on the particle pressure Pp . Equation 4.19 will be used
in this research as the timescale ratio for particles with lower Rep values.

Stk = t f al l
mi cr o

t vi sc
mi cr o

= dp
√
ρp Pp

η
(4.19)

Where the Particle pressure is found with equation 4.20. Here the acceleration parameter is adjusted for the presence
of centripetal acceleration indicated by ac . The centripetal acceleration is calculated with inlet velocity and the radius

of the cyclone in the following way: ac = v2
i

rc
.

Pp = 2

3
(ρp −ρ f )dp

√
g 2

z +a2
c (4.20)

For the estimation of the governing flow regime the numbers r and Stokes can be used in the following way. For dry

granular flows, which can be compared to free fall, the longest time scale is t f al l
mi cr o . When r » 1 and Stk » 1 the effect

of the interstitial fluid can be neglected. When the longest time scale is t i ner t
mi cr o , the regime is said to be inertial. This

is the case when r « Stk and r « 1. For the viscous regime the longest time scale is equal to t vi sc
mi cr o and for this case the

following applies, r » Stk and Stk « 1 [18]. Figure 4.6a indicates when a particle finds itself in a specified regime.
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(a) Granular regimes [18]
(b) Prediction of particle behaviour

Figure 4.6: Particle behaviour

With the particle and flow characteristics, graph 4.6b is constructed. The particles that have been used for the con-
struction of these graphs are the sediment fractions D10,D50,D90 and the smallest, average, and largest nodules. This
graph helps predicting the particle behaviour in different flows. However, this prediction is not extremely accurate as
Stk and r both utilize a specific aspect of the Cd behaviour relative to the Rep . For turbulent Rep , Stk is an overestimate
and for laminar Rep , r is very inaccurate. For turbulent and laminar particle Reynolds numbers this would not be a
problem because for for high particle Reynolds numbers r can be selected as the correct parameter. For low Rep values
Stk gives a reasonable prediction. However, for particles with Rep values between 1 and 2000 a suitable solution needs
to be found.

In order to find the appropriate particle responses graphs 4.7a and 4.7b are created. These graphs show the Stk and
r values as a function of the Rep of the sediment and nodules respectively. Matlab has been used for the creation of
these graphs. The timescale ratios are easily obtained when the particle diameter is known, and the same counts for
the Rep values. However, obtaining the corresponding Stokes value from a particle Reynolds number is difficult. With
Matlab, an array of diameters is generated, which is programmed to obtain both the corresponding timescale ratio
values and Rep values. Plotting these timescale ratio values against the Rep values, results in graphs 4.7a and 4.7b.
Besides the curves, the individual particle fractions are indicated on the graph. Two graphs are created separately
because nodules and sediment have different densities.

(a) Sediment response (b) Nodule response

Figure 4.7: Particle predicted response
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Particle Stk r Rep

D10 1.31 ·10−2 6.65 ·10−7 6.17 ·10−6

D50 1.39 ·10−1 7.47 ·10−5 6.93 ·10−4

D90 2.89 0.03 2.74 ·10−1

Smallest nodules [1mm] 115 2.04 8.31 ·101

Average nodules [64.5mm] 5.96 ·104 4.88 4.95 ·104

Largest nodules [120mm] 1.51 ·105 4.88 1.26 ·105

Table 4.4: Stk, r & Rep values per particle

Table 4.4 shows the values from figure 4.7 of for the individual sediment and nodule fractions. Figure 4.7a and table 4.4
clearly show the Rep values of the sediment are far below 1. Which makes the r value very inaccurate. The Stk values
are more accurate when determining the sediment behaviour. Most sediment fractions have low Stk values. Only the
largest fraction D90 has a Stk of 2.8. This gives the expectation that the suspended sediment will mainly follow the
path of the surrounding flow. Only the largest sediment fraction D90 is expected to move more towards the outside
of the cyclone as the Stk value is higher than 1. The sediment diameter with Stk = 1 is equal to 31.9 µm. According to
graph 2.3, 73% of the total sediment volume has a value of Stk < 1.

As depicted in table 4.4, the smallest nodules have a Rep value of 250. This means an appropriate timescale ratio
needs to be found for these particles. An average, or other combinations, of Stk and r to obtain an accurate prediction
are difficult to determine as Stk values rapidly increase where r quickly reaches its maximum. Therefore, it is found
best for the lowest timescale ratio to be used for indication of the particle response in the transition regime. In this
case r has lower value than Stk and is therefore the relevant ratio. As a result, all the nodule responses can best be
described by timescale ratio r and the responses of all the sediment fractions are best described by Stk.

Table 4.4 shows all nodule r values are 2.04 or higher. In theory, this suggest their trajectory is dominated by their own
inertia rather than the surrounding fluid. Which means these particles should move toward the edges of the cyclone
directly. However in reality this remains to be seen for the smaller nodules. For larger nodules it can be assumed
with more certainty that their movement is governed by its own inertia. In the graphs from figure 4.7 Cd is taken as
a constant of 0.4 [54], however in reality Cd is not constant for high Rep values. The Cd decreases around Rep = 105

to 0.1 or 0.2 depending on the roughness of the particle[19]. Therefore, the r values for larger nodules are higher than
illustrated above.



5
Experimental setup

The previous chapters explained the design of this cyclone, what the possibilities of a hydrocyclone are and what the
particle behaviour is expected to be. However, for a full feasibility analysis, further investigation is required. Not only
the performance of this cyclone should be measured, the factors determining this performance are equally as impor-
tant. For this research, experiments will be used as means of gaining further insight in the feasibility of a hydrocyclone.

5.1. Setup
In order to be able to gain insight in the performance of the cyclone and it’s influencing factors, the experimental setup
needs to imitate the actual deep-sea nodule collection process while enabling analyses and measurements. Therefore,
the setup should be a controlled environment that can generate a large flow rate, while transporting a low concentra-
tion of particles without air getting into the system. Figures 5.1 and 5.2 schematically illustrate the setup that is used
for the experimentation process.

To illustrate the separation purpose of the settling tank, figure 5.1 displays a filled settling tank and figure 5.2 displays
an empty tank in order to illustrate the different compartments inside the settling tank. For more detailed information
about individual components or parts appendix A can be consulted. Table 5.1 shows the components corresponding
with the numbers in figures 5.1 & 5.2

Number Component
1 Centrifugal pump
2 Inlet pipe
3 Hopper system
4 Cyclone separator
5 Overflow pipe
6 Underflow pipe
7 Settling tank
8 Overflow measuring container
9 Underflow measuring container
10 Buffer to pump connection pipe
11 Flow regulating valves
12 Flow meters

Table 5.1: Setup components

35
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Figure 5.1: Side view of the experimental setup

Figure 5.2: Top view of the experimental setup

1. Centrifugal pump
The flow is created by the centrifugal pump. This pump is able to deliver sufficient power and a specific capacity.
Because the setup, and especially the cyclone, generates a high resistance while pumping a large volume of water and
particles, a pump with a high capacity is preferred. Smaller particles can pass through the centrifugal pump. However,
larger particles cannot as they will damage the pump. Therefore the larger particles need to be removed from the flow
before entering the pump. The pump is operated by a frequency converter. This converter ensures that the pump
runs on predetermined and constant RPM delivering a constant volume flow.
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2. Inlet pipe
All the pipes used in this setup have an internal diameter of 5 cm. Because all internal diameters are known, the flow
velocities in the entire system are known as well. When the flow velocity is determined in the inlet pipe, the cyclone
inlet velocity is found by using the ratio of the cross areas of the inlet pipe and the cyclone’s square inlet. Because the
average flow velocity in the hopper system is equal to 0 during the experiment, the flow velocity into the cyclone can
be controlled accurately.

The pipe runs from the pump to the cyclone with the inlet of the hopper system fitted in between. Therefore, the
particles can be inserted into the stream without passing through the pump. For larger particles this is essential as
they can damage the pump if they pass through it.

3. Hopper system
The hopper system consists of several individual parts. A conveyor belt that can deliver a constant supply of particles,
a hopper to collect the particles from the conveyor belt and a transporting pipe connecting the hopper with the inlet
pipe. The system is designed to insert particles into the flow without passing though the centrifugal pump.

The conveyor belt is used for a constant supply of particles. With the known velocity and the length of the conveyor
belt the mass flow rate is accurately determined. For large particles with a high settling velocity the desired concentra-
tion in the flow can be simulated. For smaller particles however, this turns out to be not as straight forward. Because
the particle settling velocity of smaller particles is low, and the mass flow of fines is too high, a plug is created. This
interrupts the constant flow of particles.

Because the cyclone and rest of the pipes generate a resistance during operation, the pressure increases. As the hopper
system is an open system, the water level in the pipe rises due to the pressure differences. Therefore, the vertical pipe
connecting the hopper to the flow needs to reach as high as possible. This elevation is limited by the height of the
facility, and the hopper is mounted at an elevation of 4 meters above the ground. This results in a maximum flow rate
when carrying out experiments with the hopper system. If the flow rate exceeds its limit, the pressure created by the
resistance becomes too large leading the hopper system to overflow.

Smaller particles are difficult to deliver into the flow because of their low settling velocity. Inserting these smaller
particles into the system as a slurry helps the settling process and prevents the formation of a plug. When inserting
the particles with a slurry a minimum volume has to be used for the particles to reach the inlet pipe. Because the
particles settle so slow, they have to be forced downward. This is done by inserting a slurry excess. This surplus needs
to be at least equal to the volume of the pipe. With a length of 310 cm and a inner diameter of 5 cm this surplus equals
6 liters.

4. Cyclone separator
This model cyclone separator is the scaled down version of the real cyclone that has been designed in the previous
chapters. It has been made modular so different conical sections can be tested. Further information about cyclone is
found in section 5.2

5. Overflow pipe
The overflow pipe is attached to the vortex-finder and transports water and the smaller particles to the overflow com-
partment in the settling tank. The overflow pipe enters the settling tank at the same height as the underflow pipe.
Therefore the pressures at the underflow and the overflow ends are equal. Because the pressure is equal, the re-
sistances generated by both the underflow and overflow pipe are similar, which is required when investigating the
cyclones behaviour.

6. Underflow pipe
The underflow pipe is attached to the apex and guides the larger particles and the by-passed particles to the underflow
compartment inside the settling tank. Depending in the split ratio, particles can accumulate inside this pipe when the
flow velocity is too low.

7. Settling tank
The particles flowing out of the overflow and underflow pipe need to be captured. The particles have to be removed
from the flow as the pump can be damaged by solids passing through it. Capturing the particles after separation is
needed for the analysis of the partition curve of the cyclone. Due to the low concentrations of solids, concentration
measurement devices are not suitable for this task.

The two streams will enter the settling tank in separate compartments. One for the overflow and one for the underflow.
In these compartments particle settling occurs, leaving clean water at the water surface. These compartments both
flow over a barrier, into a buffer section. This buffer section is needed for a constant supply of water into the pump.
These areas of the sections have different sizes. The settling compartments sizes are determined with the terminal
settling velocities of the smallest particle sizes that are used and the volume flow of the pump. If the particles settle
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faster than the water column rises, the particles will not flow over the barrier. For the settling tank to do its work, the
following requirement must be met:

vwatercolumn < w0 (5.1)

With requirement 5.1, the minimal particle size per compartment can be found. The compartment in which the
overflow pipe ends has an area of 0.42 m2, and the maximum inflow is equal to Qi because several experiments will
take place with a closed underflow . The underflow compartment has a surface area of 0.29 m2, however the maximum
inflow is smaller. The underflow only varies from the natural flow to zero because the underflow will be closed off
during some experiments while the overflow will not. With vw ater column the minimal particle diameter is found by
substituting equation 5.2 and the standard terminal settling velocity w0 into requirement 5.1.

vwatercolumn = Qmax

Acontainer
(5.2)

Both compartments have different surface areas and incoming flow. Therefore, both have a different minimal particle
diameter that the settling tank can filter out. The largest particle diameter value found with requirement5.1, is the
minimal particle diameter the settling tank can handle. With the maximum flow of 228 liters per minute, this diameter
is equal to 100 µm.

If the particles have a lower w0 than vw ater col umn of the compartment, there is a limited time an experiment can
take before the particles will flow over the barrier. The velocity of the rising particle will be equal to vw ater column -
w0. This can be calculated for each individual particle size that is tested. However, this makes things unnecessarily
complicated when experimenting with multiple ranges of smaller particle sizes for each experiment. Therefore, the
time an experiment can take utilizing particle settling for smaller particles is equal to the time it takes for the water
column to rise from the height of the inlet to the water surface.

texperiment = Hbarrier −Hinlet

vwatercolumn
(5.3)

The third compartment where the filtered flows of both the the settling compartments comes together, acts as a buffer.
This is needed to provide a constant supply of water for the system. This minimal volume depends on the maximum
volume flow created by the pump, and the volume of the entire system. Because the hopper is the only open section
that can contain varying amounts of water, only a little volume is removed from the circulating flow.

Air can get into the pump when pumping water through the system. A sufficient supply and a pressure at the entrance
of the pump will prevent this. Therefore, the pump is placed at the lowest possible point. When pumping an average
of 228 liters per minute, a buffer of 300 liters is sufficient. Even when experiment requires twice the volume flow, and
the flow to the buffer would somehow be blocked, the buffer can provide the pump with water for more than half a
minute.

8 & 9. Measurement containers
To determine the partition of different particle sizes the particles need to be collected from both the overflow and un-
derflow. Fitting containers inside the compartments have been constructed for this purpose. Number 8 represents the
container in the overflow compartment whereas number 9 represents the container in the underflow compartment.
Figure 5.3 illustrates the design of these containers. On the walls of the settling compartments steep edges have been
placed, illustrated by the green areas in figures 5.1 & 5.2, to guide all the particles toward the containers to ensure
optimal collection.

Figure 5.3: Schematic design of a measuring container
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10. Buffer to pump connection pipe
A constant, clean and sufficient water supply must be available for the centrifugal pump. In order to close the loop, a
pipe connects the clean buffer with the centrifugal pump.

11. Valves
Valves are installed to control the over and underflow. The valve at the underflow can be closed to change alter the
split ratio to zero. The overflow valve however, is not used for the control of the flow directions, but rather for the
cleaning of the cyclone and the underflow pipe when particles are hard to remove.

12. Flow sensors
The inlet pipe and the underflow pipe both have a flow meter equipped. Based on conservation of mass, the flow
leaving through the vortex-finder is known when the other flows are known. With the volume flows of the underflow
and overflow, the split ratio is determined precisely.

5.2. Hydrocyclone separator
The cyclone described in the previous chapters, which is designed for deep-sea operation, will be referred to as the
’prototype’ cyclone. The cyclone used for the experimental purposes will be referred to as the ’model’ cyclone. The
model needs to be as comparable as possible to the prototype. However, limitations of the facility makes this hard to
accomplish. In order to gain the most valuable information from the experiments, the model separator is designed as
large as possible.

Scaling of the cyclone is done with limiting factors keeping the size of the model to a maximum. The first limiting
factor is the pump, which has a maximum flow rate. Where normally a volume flow Qi of 0.5 m3/s is expected to
flow through the cyclone, the pump used for the experiments has a maximum volume flow Qpump of 0.0042 m3/s.
Another factor is the cost of construction. Therefore the dimensions of the cyclone are adjusted in order to use as
many standardized parts as possible.

The main scaling principle of the cyclone used for this research is keeping the accelerations constant for the model
and the prototype cyclone. For the cyclone to have the have the same shape, the conical angle needs to be equal. This

angle is calculated with equations 4.5 & 4.4. Therefore, v2

g ·r is constant for the model and the real cyclone. This results
in the following equation:

v2
i

g · rc
= v2

model

g · rmodel
(5.4)

Where vi = Qi / Ai nlet and Ai nlet = (0.35Dc )2 = (0.7rc )2

vmodel =
√

v2
i · rmodel

rc
(5.5)

As vmodel can also be found with formula 5.6:

vmodel <Qpump /Ai nletmodel
(5.6)

Combining equation 5.5 and 5.6 results in a maximum radius of the model cyclone. Implementing standard manu-
facturing sizes of rmodel results in a maximum radius of 0.071m. Because the angles of the real cyclone and the model
remain equal, the rest of the model cyclone dimensions can now be easily obtained. The same can be done for the
second cyclone with the larger conical angle. The final designs of the two conical sections and the topside are illus-
trated in figures 5.4 and 5.5. Figure 5.6 shows the assembled cyclone with both cones. The vmod , that results in the
same angle as the prototype cyclone, is found with equation 5.4 and has a value of 1.538 m/s.
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(a) Design conical section with small angle (b) Design conical angle with large angle

Figure 5.4: Model dimensions

(a) Topside sideview (b) Topside topview

Figure 5.5: Topside dimensions

(a) Design model cyclone with standard angle
(b) Design model cyclone with large angle

Figure 5.6: Assembled cyclone dimensions

This cyclone is made from PMMA which is a strong and transparent material that enables observation of the process
inside this cyclone. PMMA has an optical breaking index of 1.49, which is close to water’s 1.33[33]. Therefore, wear
and damage sustained during usage does not obstruct the view of the inside of the cyclone when filled with water.
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5.3. Particles
All the available particles have been separated into defined compact fractions and investigated for their relevant prop-
erties in order to accurately predict the prototypes’ performance. More information about the separation method,
measurements and particles properties can be found in appendix B. The density tests confirmed that the density of
the particles used for the experiments is equal to the theoretically density of 2650 kg /m3 of quartz particles. And the
settling tests give an accurate terminal settling velocity of all the individual fractions. However, these test have been
carried out under normal gravity. Because settling in the cyclone takes place under centripetal conditions, the mea-
sured w0 is converted to the conditions under which the model cyclone operates. This is achieved by multiplying the
the original w0 with g as the only acceleration coefficient, by the relative increase due to the centripetal acceleration
as shown in equation 4.11:

w0c = w0 ·

∆d 2
p

g 2+a2
c

18ν+
√

0.75∆d 3
p

g 2+a2
c

∆d 2g

18ν+
p

0.75∆d 3g

(5.7)

With the other known particle properties the Particle Reynolds number and the corresponding timescale ratios are
calculated. Table 5.2 shows the tested particle ranges, the measured and converted settling velocities, the Particle
Reynolds numbers and the corresponding timescale ratios.

dp range (d0 −d100) [mm] d0+d100
2 [mm] w0 [m/s] w0c [m/s] Rep Stk r

0.005 - 0.02 0.013 0.0005 0.0007 0.01 0.34 0.001
0.040-0.070 0.055 0.0021 0.0030 0.16 3.10 0.02
0.065-0.105 0.085 0.0051 0.0073 0.62 5.96 0.07
0.18-0.25 0.215 0.0327 0.0465 10.0 24.0 0.72
0.25-0.35 0.300 0.0424 0.0603 18.1 39.5 1.12
0.35-0.5 0.425 0.0634 0.0902 38.3 66.6 1.83
0.5-0.71 0.6050 0.0787 0.119 67.7 114 2.50
0.71-0.8 0.755 0.1034 0.1471 111 158 3.15
0.8-1.4 1.10 0.1134 0.1613 177 277 3.78
1.4-2.0 1.70 0.1886 0.2682 456 533 4.97
2.0-2.4 2.20 0.2124 0.3021 664 785 5.38
4.0-6.0. 5.00 0.4810 0.6841 3420 2689 6.63
8.0-12.0 10.0 0.6520 0.9273 9273 7605 6.63

Table 5.2: Particle properties and timescale ratios

5.4. Experimental protocol
Obtaining reliable data from the experiments is crucial for a scientific research. Therefore, consistent and accurate
measurements must be made using the setup explained section 5.1. The way in which the measurements are done
and how the setup is operated are explained in the following section. The extensive experimental protocol is presented
in appendix C.

With the known particle, water and container properties, the particle weight gathered by each container can be found
by weighing the filled containers. Because the mass conservation rule needs to be validated, the contents of both
containers need to be compared with the total added particles in the flow. Besides measurement data, visual data is
also collected. The transparent model cyclone is filmed using a high speed camera. This way the separation processes
inside the cyclone can be researched and other findings can be observed. Investigating the filmed footage helps to
understand the inner phenomena.
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Experiments

6.1. Parameters
In order to obtain information about the feasibility of a hydrocyclone varying setup settings need to be tested. For this
research these parameters are: particle diameter, split ratio, and conical angle. Varying the particle concentration and
adjusting the volume flow rate is helpful for a more extensive analysis. However, due to the restrictions explained in
sections 5.1 & 5.1 these are difficult to regulate or measure.

6.1.1. Particle diameter
A variety of particle diameters needs to be tested to be able to analyze the feasibility of the cyclone. Not only does
the use of the specific particle sizes allow the creation of a partition curve, it also gives an insight in the particle- and
flow-behaviour as well as the particle interaction inside the cyclone. Not all particle sizes are used for all settings of
the setup because this would result in carrying out more experiments than necessary. Therefore, only several sizes are
selected for experimentation.
The interesting particle diameters are those where the cutsize is expected, i.e. particles with timescale ratios around
1. However, even though the nodules and larger sediment are expected to leave through the underflow, several larger
particles need to be tested as well. This helps to understand the particle behaviour of the larger particles even if their
timescale ratio is much larger. During the tuning phase of the setup, the particles sizes of interest were identified.
Table 6.1 shows the particles that were selected from table 5.2 and extensively tested.

dp range (d0 −d100) [mm] d0+d100
2 [mm] w0 [m/s] w0c [m/s] Rep Stk r

0.005 - 0.02 0.013 0.0005 0.0007 0.01 0.34 0.001
0.040-0.070 0.055 0.0021 0.0030 0.16 3.10 0.02
0.065-0.105 0.085 0.0051 0.0073 0.62 5.96 0.07
0.18 - 0.25 0.215 0.033 0.0465 10.0 24.0 0.72
0.35 - 0.5 0.425 0.063 0.11 38.3 66.6 1.83
0.5-0.71 0.605 0.0787 0.119 67.7 114 2.50
8.0-12.0 10.0 0.6520 0.9273 9273 7605 6.63

Table 6.1: Particle properties and timescale ratios selected for research

6.1.2. Split ratio
Because the feasibility of the cyclone does not only depend on the particles it can separate, but also on the amount
of water that can be removed, a low split ratio, Qu

Qv f
, is beneficial. In theory, particles with timescale ratios lower than 1

will remain distributed over the flow. Therefore, directing more water toward the vortex-finder will also remove more
fine particles. Two different split ratios have been tested: the natural split ratio that occurs when both vortex-finder
pipe and underflow have roughly equal resistance, and a split ratio of 0 ,where the underflow is totally closed.

6.1.3. Conical angle
The third parameter that is researched is the conical angle. Sections 4.1 and 4.2 explain how the two conical angles
were determined. By testing both cones the theory for the maximal conical angle explained in section 4.1 can be
tested. But also the results of trapped particles due to an excessively large conical angle are relevant findings. Because
both cones are transparent, the consequences of alternating angles can clearly be observed.

42
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6.1.4. Flow rate
The flow rate of the original design is impossible to obtain with this setup. Depending on the conical angle and the
split ratio, different flow rates are obtained due to resistance differences. For the original conical section, the flow rate
decreased when the split ratio was reduced. However, for the large angled cyclone, the inflow velocity did not change
when the underflow was cut off. Because the flow rates can be accurately measured and are important for further
investigation, they are considered a variable parameter. Therefore, the different flow rates, which are converted to
inlet velocities, are represented in the experimental matrix.

6.1.5. Experimental matrix
For an overview of the performed experiments, an experimental matrix has been composed. This matrix is illustrated
in table 6.2.The density and settling tests of the particles are not indicated in this matrix. Neither are the experiments
that have previously been conducted during the configuration of the setup and the determination of the specific
particle sizes.

Experiment nr. d0+d100
2 [mm] Split ratio [−] vi [m/s] Conical angle [0]

1 0.013 0 1.03 32.9
2 0.055 0 1.03 32.9
3 0.085 0 1.03 32.9
4 0.215 0 1.03 32.9
5 0.425 0 1.03 32.9
6 0.605 0 1.03 32.9
7 10.00 0 1.03 32.9
8 0.013 0.54 1.11 32.9
9 0.055 0.54 1.11 32.9
10 0.085 0.54 1.11 32.9
11 0.215 0.54 1.11 32.9
12 0.425 0.54 1.11 32.9
13 0.605 0.54 1.11 32.9
14 10.00 0.54 1.11 32.9
15 0.013 0 0.99 99.3
16 0.055 0 0.99 99.3
17 0.085 0 0.99 99.3
18 0.215 0 0.99 99.3
19 0.425 0 0.99 99.3
20 0.605 0 0.99 99.3
21 10.00 0 0.99 99.3
22 0.013 0.41 0.99 99.3
23 0.055 0.41 0.99 99.3
24 0.085 0.41 0.99 99.3
25 0.215 0.41 0.99 99.3
26 0.425 0.41 0.99 99.3
27 0.605 0.41 0.99 99.3
28 10.00 0.41 0.99 99.3

Table 6.2: Experimental matrix

The experimental matrix indicates the different natural split ratios and the inlet velocities for both conical angles.
These values have been determined during the calibration of the setup and the different cones. A different inlet veloc-
ity means a different maximum volume flow. The flow resistance of the original cone resulted in a maximum inflow
of 0.0028 m3/s, which corresponds with 72% of the designed flow rate. The wide angled cone, however, has a higher
flow resistance and can only be tested up to 0.0025 m3/s, which is equivalent to 65% of the originally designed flow
rate. These flow rates are close enough to the original designed volume flow in order to predict the performance [22].
According to equation 4.8 both are still highly turbulent.

The mass concentration is not shown in figure 6.2. It has been attempted to reach the concentrations shown in ta-
ble 2.2. However, only with the largest particles this concentration could be reached. Because all the other particles
experienced settling hindrance in the hopper system, the desired concentrations were never consistently recreated.
Because the original designed concentration is considered too low to influence the performance, an even lower con-
centration will not do so either.
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6.2. Experimental observations
All the conducted experiments have been documented in an excel file. This way all the data is organized, and the
outputs are easily converted to usable information files and stored. The experiments are reviewed here, using illustra-
tions to display the relevant phenomena. A partition curve is introduced for both conical angles with a natural split
ratio and and a split ratio of 0. Because the partition of the smaller particles has been conducted with visual observa-
tion only, an error range has been implemented in the curve. Hence, a minimal, average and maximum partition is
illustrated in the graphs. For further detailed information about the occurrences, the film footage and excel file can be
consulted.

6.2.1. Original model
The original model cyclone is analysed here. The displayed observations are categorised per particle diameter. If
different observations are made for different conditions they are schematically illustrated, side by side.

(a) Open underflow (b) Closed underflow

Figure 6.1: Original cyclone separation of 8-12 mm particles

Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.1a 33.2 10 1.11 0.053 0.54 7605 6.63 100
6.1b 33.2 10 1.03 0.053 0 7605 6.63 97

Table 6.3: Parameters of original cyclone separation of 8-12 mm particles

Figure 6.1a Most particles keep rotating halfway through the conical section. This results in a crowded cyclone. The
particles can be seen colliding with each other, mainly pushing each other downward in the direction of the underflow.
All particles leave through the underflow when the underflow is open.

Figure 6.1b When the underflow is closed off, there is no flow that helps drag the particles toward the apex. Therefore,
more particles accumulate inside the cyclone, called the crowding effect[34], until the point where some large particles
are bounced toward the centre of the cyclone. This is where the inner vortex in the direction of the vortex-finder is
located. Therefore, some large particles are captured by the vortex-finder and lost in the separation process. It is clear
that without these collisions the large particles would all still leave through the underflow.
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(a) Open underflow (b) Closed and full underflow

Figure 6.2: Original cyclone separation of 0.5-0.7 mm particles

Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.2a 33.2 0.6 1.11 < 0.053 0.54 114 2.50 100
6.2b 33.2 0.6 1.03 < 0.053 0 114 2.50 100

Table 6.4: Parameters of original cyclone separation of 0.5-0.7 mm particles

Figure 6.2a This specific particle diameter is expected to roughly corresponds with the smallest nodules in reality. As
expected all the particles report to the underflow. The particles can clearly be seen moving in a swirl.

Figure 6.2b All particles report to the underflow. It is clearly observed that all the particles move to the edge imme-
diately. Therefore, this figure might be misleading. Because all the particles reported to the underflow, the underflow
pipe filled up very fast leaving no space for other particles. However, the cyclone itself didn’t fill up completely be-
cause all the particles that got close to the central vortex were captured by this flow. Therefore, the process inside the
cyclone can still clearly be seen instead of just a moving bed of particles.

(a) Higher concentration (b) Lower concentration

Figure 6.3: Original cyclone separation 65-105 µm particles
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Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.3a 33.2 0.085 1.11 > 0.053 0 & 0.54 5.96 0.07 70 ± 10
6.3b 33.2 0.085 1.03 < 0.053 0 & 0.54 5.96 0.07 85 ± 5

Table 6.5: Parameters of original cyclone separation of 65-105 µm particles

Figure 6.3a This specific particle diameter will roughly corresponds with the largest sediment grains in reality. The
particles report to the underflow mostly. The particles can cannot be individually distinguished and there is no path
the particles follow. Only when an increase in concentration can be observed, streams of particles can be seen leaving
through the overflow.

Figure 6.3b Almost all particles report to the underflow. However, unlike the larger fractions, these particles do not
move toward the cyclone wall directly. However, it appears to be sufficient to mainly stay out of the central vortex,

Figure 6.4: Original cyclone separation of 40-70 µm particles

Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.4 33.2 0.055 1.11 < 0.053 0.54 3.10 0.02 35
6.4 33.2 0.055 1.03 < 0.053 0 3.10 0.02 5

Table 6.6: Parameters of original cyclone separation of 40-70 µm particles

Figure 6.4 The smallest fraction that was tested clearly is not separated by the cyclone. The particles inside of the
cyclone are equally distributed over the entire flow. The flows leaving through the apex and vortex-finder look similar.

When the underflow was cut, a very small amount of particles precipitated in the underflow pipe. This is probably due
to the bypass effect. When cleaning the underflow pipe after the experiment, these particles were transported into the
overflow separation section of the settling tank where they clearly settled more than in the overflow section.
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6.2.2. Partition curves original model
The partition curves of the original model, that have been constructed from the visuals, are illustrated below.

Figure 6.5: Partition curve original model with open underflow and low concentration

θ [degrees] ρs [kg /m3] vi [m/s] cm [−] Split ratio [−] d50 [µm]
33.2 2650 1.11 < 0.053 0.54 ≈ 65

Table 6.7: Original cyclone with closed underflow partition curve parameters

Figure 6.6: Partition curve original model with closed underflow and low concentration

θ [degrees] ρs [kg /m3] vi [m/s] cm [−] Split ratio [−] d50 [µm]
33.2 2650 1.03 < 0.053 0 ≈ 65

Table 6.8: Original cyclone with closed underflow partition curve parameters
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6.2.3. Large angled model

(a) Open underflow (b) Closed underflow

Figure 6.7: Large angled cyclone separation of 8-12 mm particles

Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.7a 99.3 10 0.99 0.053 0.40 7605 6.63 50 ± 10
6.7b 99.3 10 0.99 0.053 0 7605 6.63 25 ± 5

Table 6.9: Parameters of large angled cyclone separation of 8-12 mm particles

6.7a No particle leaves the cyclone without being forced through particle interaction. Particles keep rotating inside
the cyclone if nothing obstructs them. The vortex-finder entrance is close to the apex which causes particles to move
in both directions. Around half of the all the particles leaves through the vortex-finder.

6.7b All particles keep circling around the centre at outer wall of the cyclone. Only the pushing of other particles cause
circulating particles to move toward the centre. Because the flow through the apex is blocked, the particles that get
pushed to the centre are most likely to leave through the overflow. 3 out of 4 particles are lost due to the suction of the
vortex-finder and the lack of flow through the apex.
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(a) Open underflow (b) Closed underflow

Figure 6.8: Large angled cyclone separation of 0.5-0.7 mm particles

Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.8a 99.3 0.6 0.99 < 0.053 0.40 114 2.50 100
6.8b 99.3 0.6 0.99 < 0.053 0 114 2.50 100

Table 6.10: Parameters of large angled cyclone separation of 0.5-0.7 mm particles

6.8a The particles all report to the underflow. There is no visual difference between the partition for both cones.

6.8b More particles remain inside the cyclone which causes the concentration to go up inside the cyclone. Even
though all particles still report to the underflow, the lack of underflow does have an affect on the residence time of the
particles inside the cyclone.

(a) High concentration (b) Low concentration

Figure 6.9: Large angled cyclone separation of 65-105 µm particles
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Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.9a 99.3 0.6 0.99 > 0.053 0 & 0.40 5.96 0.07 60-80
6.9b 99.3 0.6 0.99 < 0.053 0 & 0.40 5.96 0.07 80-90

Table 6.11: Parameters of large angled cyclone separation of 65-105 µm particles

6.9a Most particles report to the underflow. However, when the concentration fluctuates the partition changes. When
a higher concentration enters the cyclone, the particles are clearly more likely to leave through the overflow than when
the concentration is lower.

6.9b When the concentration is low, most particles report to the underflow. This is similar to the other cone.

Figure 6.10: Large angled cyclone separation of 40-70 µm particles

Figure θ [degrees] Average dp [mm] vi [m/s] cm Split ratio Stk r Partition [%]
6.10 99.3 0.6 0.99 < 0.053 0.40 3.10 0.02 30
6.10 99.3 0.6 0.99 < 0.053 0 3.10 0.02 5

Table 6.12: Parameters of large angled cyclone separation of 40-70 µm particles

6.10 Clearly the particles do not separate from the flow. They are still evenly distributed.These particle sizes cannot
be separated by the cyclone. The change of split ratio does not influence this.
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6.2.4. Partition curves large angled model
The partition curves of the large angled model, that have been constructed from the visuals, are illustrated below.

Figure 6.11: Partition curve large angled cyclone with open underflow and low concentration

θ [degrees] ρs [kg /m3] vi [m/s] cm [−] Split ratio [−] d50 [µm]
99.3 2650 0.99 < 0.053 0.4 ≈ 65

Table 6.13: Large angled cyclone with open underflow partition curve parameters

Figure 6.12: Partition curve large angled cyclone with closed underflow and low concentration

θ [degrees] ρs [kg /m3] vi [m/s] cm [−] Split ratio [−] d50 [µm]
99.3 2650 0.99 < 0.053 0 ≈ 65

Table 6.14: Large angled cyclone with closed underflow partition curve parameters



7
Analysis

Capacity, cut size, sharpness of separation and split ratio have been identified as the important performance param-
eters in this research. For the determination of the performance of the prototype cyclone, the findings of the model
experiments need to be analyzed and scaled to represent prototype data. This data is compared to a performance
prediction with the information from chapters 3 & 4. If the theoretical performance and the experimental data vary, a
possible explanation is given. Besides the partition curve and split ratio, other experimental phenomena are analyzed,
for a more complete overview of the cyclones’ performance.

7.1. Predicted performance
When the primary goal of the device is separating sediment and surrounding water from the nodules as efficient as
possible, the cyclone’s performance is estimated by constructing a projected partition curve and finding the split ratio.
The partition curve is a function of the split ratio. Smaller particles with lower Stokes numbers are assumed to remain
suspended in the fluid which leads to the assumption that the bypass of fine material is equal to the percentage of the
flow leaving through the underflow which is directly related to the split ratio.

7.1.1. Cut size
The cut size is assumed to be the particle size where the timescale ratio is close to 1. Particles with high Stk & r values
move toward the edge more quickly than the other particles. These particles will have maneuvered toward the outer
edge of the swirl quickly enough to exit through the underflow pipe. For the prediction of the partition curve these
particles with higher timescale ratios can be be assumed to all leave through the underflow. This size varies for nod-
ules and sediment because of density and shape differences.

With the assumed cut sizes a performance curve for both sediment and nodules is drawn up in figure 7.1. Both hori-
zontal axes range from 0.32 µm to 1 cm with logarithmic scale. It can clearly be seen that the diameters of the particles
where the timescale ratio is equal to 1 is larger for nodules than that of the sediment.
Graph 7.1a indicates that not all the sediment is larger than the cutsize, which means not all the sediment is separated
from the nodules. This gives reason to suspect that the large sediment fraction will mainly leave through the under-
flow. However, the particles smaller than the assumed cut size of 31.9 µm take up to 73% of the total volume according
to figure 2.3. Notably, all nodule sizes lie underneath the curve in graph 7.1b, indicating a large separation efficiency.

52
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(a) Ideal curve sediment (b) Ideal curve nodules

Figure 7.1: Ideal performance curves when sharpness of separation is neglected

7.1.2. Separation sharpness
As explained in chapter 3 an ideal partition curve does not exist. In order to obtain a more realistic curve, firstly, the
separation sharpness is implemented. The sharpness of separation is complicated to predict theoretically. Because
the proposed separation process lies outside the extremes of previous experimental data, the cyclones performance is
uncertain due to the unconventional geometry and operating conditions of the cyclone and little is known about the
particle behaviour in these flow conditions. M. Narasimha et al. say that a decrease in apex diameter and an increase
of inlet velocity enhance the separation sharpness[34]. Because this cyclone has a relatively large apex and low inlet
velocity, a sharp separation is not expected.

For this case a very sharp separation might not be essential. Figure 7.2a shows that a lower separation sharpness
does not increase the amount of sediment particles below the line because the D90 is larger than the cut size. For the
nodules only a very low separation sharpness would be disadvantageous. A decrease in sharpness would result in a
fraction leaving through the overflow. This is illustrated in figure 7.2b.

(a) Sharpness curve sediment (b) Sharpness curve nodules

Figure 7.2: Sharpness curve

7.1.3. Bypass
Approximations of the ’actual’ curves, as illustrated in figure 3.5, are obtained by substitution of the bypass in graphs
7.2a & 7.2b. However, the bypass depends on multiple factors. E.g. cyclone dimensions, flow characteristics, concen-
tration and split ratio all have an influence on the bypass. It is assumed that the lighter particles with low timescale
ratios remain evenly distributed over the flow. This automatically leads to the assumption that the bypass is approxi-
mately equal to the underflow. .
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7.1.4. Split ratio
If the hydrocyclone would behave as a simple pipe section that splits the flow into two streams with different diameters
with known resistances, the split ratio could easily be calculated. Figure 7.1 shows what the volume flow and flow
velocities would be if resistances of both exits would be equal and other effects like static head, flow behaviour inside
the cyclone and the presence of particles were neglected.

Qi [m3/s] Qu [m3/s] Qv f [m3/s] vi [m/s] vu [m/s] vv f [m/s]
0.50 0.20 0.30 4.08 4.31 4.31

Table 7.1: Expected flows and velocities

Particle D10 D50 D90 smallest nodules average nodules largest nodules
w0 [m/s] 0.014 0.030 0.083 0.79 1.21 2.03

Table 7.2: Terminal settling velocities different fractions

Figure 7.2 illustrates the terminal settling velocities of all different fractions expected when harvesting the CCZ. It is
observed that when a particle is headed toward the vortex-finder it will leave through the vortex-finder as terminal
velocities are far lower than the predicted flow velocity through the vortex-finder.

Unfortunately, an accurate theoretical prediction of the natural split ratio is complicated. Research by Narasimha et al.
indicates that the split ratio is not resembled by the ratio of the the surfaces of the vortex-finder and the apex Au/Av f

[34]. In their research Qu is 20% less than when the the ratios of the surface areas are taken to approximate the split
ratio. However, their research also suggests that lowering the flow velocity and increasing the Au/Av f ratio, quickly
increases split ratio. As the inflow velocity of the designed cyclone is 1.5 lower and Au/Av f is 2 times higher than
they researched, the split ratio is expected to be larger than was found by Narasimha et al. Therefore the prediction of
the percentage of fluid leaving through the underflow without influencing resistances lies between the 39% ,obtained
from the ratio of the surface areas, and the 26% found by Narasimha et al.
Depending on the harvester’s possibilities and the desired flow characteristics after separation, the bypass can be ad-
justed to a preferred split ratio. A split ratio of 0 would mean the process behind the cyclone is no longer continuous
and other mechanisms need to be implemented for particle transportation after separation. Therefore 10% is found a
more realistic percentage. Figures 7.3a & 7.3b illustrate two approximated ’actual’ partition curves for sediment and
nodules with a bypass varying between 10% and 40%

(a) Real curve sediment (b) Real curve nodules

Figure 7.3: Predicted ’actual’ partition curves

7.2. Particle scaling
The experimental data is obtained from investigation of the model cyclone. This data needs to be converted to data
that represents the prototype. Before a partition curve can be constructed, the particles need to be scaled from par-
ticles used for the experiment to particles harvested in the CCZ. Before the results from the experiments can be com-
pared to the expected results, the particles need to be scaled. If particle reaction to the surrounding flow is equal for
particles used in the model and the prototype they are assumed to behave in a similar manner. Therefore, a particle
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that passes through the prototype cyclone, will have the same partition as a particle that passes through the model,
when the timescale ratio is equal.

Because the particle behaviour is predicted with the timescale ratios Stk & r, these are considered equal when scaling.
Particles with Rep < 1 scale with a equal Stk value as the laminar regime is most accurately predicted by this value. For
higher Rep values r is considered constant. Before scaling the particles, the conditions under which the separation
takes place need to be changed. Because the experimental setup does not allow for the designed volume flow to be
tested, the centripetal acceleration has a lower value. Not only is this important for the determination of the timescale
ratio’s of the particles used in the experiments. This needs to be considered for the prototype as well.

The experimental setup reaches 72% of the original designed volume flow due to the resistance of the cyclone. This
will be used in calculating a new centripetal acceleration for both the model and the prototype. Table 4.1 indicates
that the original inflow velocity is 4,08 m/s resulting in a velocity of 2.94 m/s that is simulated by the experiments. The
newly obtained centripetal accelerations are:

acp =
v2

ip

0.5Dcp

= 2.942

0.5
= 17,29m/s2 (7.1)

With acp as the centripetal acceleration of the prototype, v2
ip

is the inlet flow velocity of the prototype and Dcp is the

prototype cyclone diameter.The same is done using the model dimensions and parameters.

acm =
v2

im

0.5Dcm

= 1.112

0.071
= 17.35m/s2 (7.2)

With acp as the centripetal acceleration of the model, v2
ip

is the inlet flow velocity of the model and Dcp is the diameter

of the model cyclone.

7.2.1. Scaling Stk
For 0 < Rep < 1 the stokes number is considered the appropriate timescale ratio. Because nodules have a diameter
larger than 1 mm they do not fall under the laminar regime, the scaling of the particles with low Rep values is not
needed for different densities.

Stkm = Stkp (7.3)

Where Stkm is the Stokesnumber of a specific particle used in the model experiments and Stkp is the Stokes number
of the particle with an equivalent reaction to the surrounding flow in the prototype. Rewriting Stk from equation 4.19
and incorporating equation 4.20 with the adjusted centripetal acceleration results in the following Stk equation.

Stk = d
3
2

p ·

√
2
3 ·ρp · (ρp −ρ f ) ·

√
g 2 +a2

c

η
(7.4)

Substituting equation 7.4 with both model and prototype values into equation 7.3 results in equation 7.5 that describes
the particles scaling from model to prototype. Equation 7.5 reveals that scaling in the laminar regime is constant for
every diameter because all parameters are constant too and independent of the particle diameter. For these scaling
conditions the prototype particles are 1.754 times larger than the model particles.

dpp = dpm ·


√

2
3 ·ρpm ·(ρpm −ρ fm )·

√
g 2+a2

cm

ηm√
2
3 ·ρpp ·(ρpp −ρ fp )·

√
g 2+a2

cp

ηp


2
3

(7.5)

7.2.2. Scaling r
For higher Rep values, the preferred timescale ratio is r. As indicated in equation 4.17, the r value depends on the
drag coefficient and the relative density between the particle and the surrounding fluid. Figure 4.7 indicates that the
sediment found in the CCZ only contains particles with Rep values lower than unity. Therefore the scaling of particles
with higher Rep values will be done by making use of nodule characteristics.
The same principle as described earlier is used for the scaling of the individual particle sizes. If the r value is equal for
a particle in the model setup and a particle in the prototype, the particles are expected to behave in a similar manner.
Therefore, to find the comparable particle values, the r values are considered equal.
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rm = rp (7.6)

With r defined in equation 4.17 as:

r = ρp

ρ f C d
(7.7)

Because scaling of the r value essentially comes down to Cd scaling, it can only be done for the transition regime.
Equation 4.13 shows the definition for the Cd in the transition regime. Turbulent particles can definitely be scaled
using different methods. However, because particles with turbulent Rep values will all report to the underflow under
normal circumstances, there is no need to scale them.
The scaling of r for the transition regime (1 < Rep < 2000), is done by finding the definition of the r value as a function
of known properties.

C d = 24

Rep
+ 3√

Rep
+0.34 (7.8)

Writing out Cd with equations 4.11 & 4.12, and substituting it into equation 4.17, results in the following definitions of
the r values of the particles for both the prototype and the model cyclone.
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symbol meaning unit
rm r value of specific particle particle passing through model [-]
rp r value of specific particle particle passing through prototype [-]
ρpm Density particle passing through model [kg /m3]
ρpp Density particle passing through prototype [kg /m3]
ρ fm Density fluid passing through model [kg /m3]
ρ fp Density fluid passing through prototype [kg /m3]
dpm Diameter of particle passing through model [m]
dpp Diameter of particle passing through prototype [m]
∆m Specific density of particle passing through model [-]
∆p Specific density of particle passing through prototype [-]
g Gravitational acceleration [m/s2]
acm Centripetal acceleration created by model cyclone [m/s2]
acp Centripetal acceleration created by prototype cyclone [m/s2]
νm Kinematic viscosity of the fluid passing through model [m2/s]
νp Kinematic viscosity of the fluid passing through prototype [m2/s]

Table 7.3: r scaling units

Substituting equations 7.9 & 7.10 into equation 7.6 gives the possibility to scale between model and prototype par-
ticles, if these particles have Rep values between 1 and 2000. Table 7.4 illustrates the values that have been used for
scaling r in the experiments.
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symbol value unit
ρpm 2650 [kg /m3]
ρpp 2000 [kg /m3]
ρ fm 1000 [kg /m3]
ρ fp 1050 [kg /m3]
∆m 1.65 [-]
∆p 0.90 [-]
g 9.81 [m/s2]
acm 17.29 [m/s2]
acp 17.35 [m/s2]
νm 1.0 ·10−7 [m2/s]
νp 1.7 ·10−7 [m2/s]

Table 7.4: r scaling values

Scaling these particles is less complicated, and more accurate, when the Stokes value and r number are empirically
determined for the model cyclone.

7.2.3. Implementing scaling principles
Graph 7.4 implements both Stokes scaling and r scaling. The vertical lines represent the regime changes where dif-
ferent scaling methods are used. The blue lines represent the theoretical Stk and r values for the model cyclone as a
function of the particle diameters. The prototype Stk and r values have been illustrated with a red line. This graph
clarifies the scaling process which essentially is a horizontal transfer from the blue line to the red for both laminar and
transition regime.

Figure 7.4: Scaling particle diameter from model to equivalent prototype diameter

The individual fractions that were studied and defined in table 5.2 are indicated in this graph with individual shapes.
Circles represent the laminar particles, triangles the transition regime particles and the squares represent the turbu-
lent particles. The Stk and r values that were determined in the settling experiments correspond quite accurately with
the theoretical graph. The scaling of the individual model particle diameters leads to individual prototype particle
diameters shown in table 7.5
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dm0+dm100
2 [mm] Rep dpp Stk scaled [mm] dpp r scaled [mm]

0.013 0.01 0.0219 [-]
0.055 0.16 0.097 [-]
0.085 0.62 0.149 [-]
0.215 10.0 [-] 0.461
0.300 18.1 [-] 0.627
0.425 38.3 [-] 0.983
0.605 67.7 [-] 1.47
0.755 111 [-] 2.23
1.10 177 [-] 3.58
1.70 456 [-] 16.2
2.20 664 [-] 66.6
5.00 3420 [-] [-]
10.0 9273 [-] [-]

Table 7.5: Corresponding particle diameters

The graph is horizontally separated into different regimes where the graph is vertically separated. The laminar parti-
cles only show the Stokes scales particles and the particles in the transition regime only show the r scaled particles.

7.3. Performance
For a final feasibility analysis, the key performance parameters are examined. With the constructed scaling methods,
the partition curve of the prototype can be predicted. Besides the partition curve, the split ratio, capacity and energy
consumption are all relevant parameters that determine the feasibility of the cyclone.

7.3.1. Partition curve prototype cyclone

Cutsize
Depending on the concentration, the 65-105 µm particles mostly report to the underflow. However, the smaller frac-
tion does not see any separation at all. The assumed cut size of the model is therefore in the lower region of the 65-105
µm fraction. The partition curves in sections 6.2.2 & 6.2.4 illustrate a cutsize of approximately 65µm. Stk scaling 65µm
to it’s prototype equivalent results in a prototype cut size of 114 µm. This difference with the theoretically determined
cutsize, 31.9 µm, can have several causes.

The first is the reduced maximum Qi that was able for the setup. A reduced volume flow results in a reduced velocity,
which causes a reduced centripetal force. A velocity reduction to 72.8 % reduces the the total acceleration force that

is caused by gravity and the centripetal force,
√

g 2 +a2
c , with 42%. This causes the diameter of the particle to increase

to have an equal Stk value. However, this only increases the particle diameter with 20% which does not come close to
the 114 µm that is obtained from the experiments.

Another reason for the large cutsize can be an unpredictable response to particle presence. The hindered settling of
particles and equivalent liquid model have been investigated in section 2.1.3 and did not seem important influencing
factors due to the low concentration of particles. Potentially this can play a role when particles are moved toward the
outer edge of the flow. This increases the concentration on the outside of the circulating flow making it harder for
particles to settle. If the volume concentration of particles with 65µm increases to 5%, ws

w0
is equal to 0.8 and quickly

decreases even further for higher concentrations. Due to the higher concentration of solids at the outer edges of the
flow, it acts as a fluid with a higher density as well.

Also, the approximation of the time scale ratio might not be the most accurate when using Stk and r in this case. Stk
and r indicate the timescale ratio accurately when the particles are either laminar or turbulent. Therefore one or the
other has to be chosen to determine the appropriate timescale ratio. Due to the forced accelerated settling inside the
cyclone, the particle diameters with a timescale ratio close to 1 are located close to the regime change from laminar
to the transition regime. This makes either Stk or r a less accurate indication for the timescale ratio. Figure 7.5 shows
a proposed curve with a smooth transition between Stokes and r.



7.3. Performance 59

Figure 7.5: Alternative timescale curve

This function is shown in green and creates a smooth transition from Stk to r. This function is not verified and can
have a different shape. However, it does show that the original particle diameter with a Stk value of 1 is larger than
31.9 µm. The regime change occurs when particles become larger than 152 µm. This leads to the conclusion that 114
µm is a reasonable cut size .
Besides the explanations for the inexact theory, it must be considered that the measurements have inaccuracies too.
The diverse values obtained from the theory and the data analysis can also be a result of imprecise measurements or
different shape factors that influence the drag coefficient.

Bypass
Some by-passed fine material has been observed in the underflow pipe with a closed underflow. Therefore this cyclone
has a minimum by-pass rate. However, these were small quantities of around 5%. This did not increase for a wider
conical angle which could prove to be beneficial when a shorter cyclone is needed.

Split ratio
The split ratio visibly has an effect on the separating performance of particles. The cyclones accumulated more par-
ticles when the underflow was closed off than when it was open. However, for most particle sizes it did not influence
the partition. This is a mayor benefit for the overall performance of the cyclone. However, it should still be assumed
that a minimal amount of water needs to leave through the underflow to prevent an overcrowded cyclone as seen in
figure 6.1b and a smooth particle transport after leaving the cyclone.

Figure 7.6 illustrates the partition curves of the model cyclone and the prototype cyclone. Because the separation
sharpness cannot be determined, they look similar. However, the model cut size is scaled to the prototype size. The
cut size is located inside the laminar regime and is therefore scaled using constant Stk values.
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(a) Estimation for partition curve of the model cyclone (b) Estimation for partition curve of the prototype cyclone

Figure 7.6: Model & prototype partition curves

If this cut size is compared the average particle size distribution in graph 2.3, it is expected that a separation of 98%
of the particles is attainable. This is significantly higher than was expected in section 4.3.4 and considerably increase
the cyclone’s performance.

7.3.2. Split ratio
The split ratio has little effect on the cut size. However, one phenomenon affecting the cyclones feasibility is losing
large particles through the vortex-finder. This only happened with the largest particles and when the underflow is
closed. A split ratio of 0 removes the downward flow resulting in more rotating particles inside the cyclone. Video
footage shows particles occasionally colliding and bouncing toward the centre of the cyclone when there is an abun-
dance of large particles. If this effect can be mitigated, lowering the split ratio as much as possible shows high potential
for enhancing nodule separation from sediment and water.

7.3.3. Capacity
The experiments resulted in several insights regarding the capacity. When Qi is increased, vi is increased. Experiments
showed that an increased velocity resulted in a higher orbit of circulating particles. Also, large particles are more
susceptible to overcrowding when the flow velocity is higher.

Not only does an increase of velocity mean a higher concentration of large particles, it will also increase the resis-
tance of the separator. The separator had a high resistance, which resulted in a limited volume flow. This resistance
increases exponentially when the volume flow is increased. Because the prototype cyclone separator is driven by the
same pumps that suck up the slurry, the pumps need to be very powerful if the separator would be implemented.
power if that flow rate increases. These pumps must be able to create sufficient power when the separator would
be implemented. If larger particles can be contained leaving through the vortex-finder and the the pumps deliver
sufficient power, the cyclone has the capacity to separate the desired volume flows of approximately 0.5 m3/s.

7.3.4. Energy consumption
At 72% of the original designed capacity, the inlet flow velocity is 1.1 m/s, and the static head is 2.55 m when the
underflow is open. With the underflow closed, this static head rises by another 20 cm. Indicating there is a pressure
drop of 0.275 ·105 Pa created by the cyclone. The prototype has a far larger volume flow and higher flow velocity than
the model used for these experiments. An approximation of the pressure difference caused by the resistance of the
prototype cyclone is constructed with equation 7.11.

P = K 0.5ρ f v2
i (7.11)

Where K is the shape factor of the cyclone, P is the pressure differences caused by the cyclone, ρ f is the fluid
density, and vi is the inlet velocity. Substituting the model and prototype parameters into equation 7.11 gives the
equation for the determination of the prototype pressure.

Ppr oto = Pmod

ρ fpr oto v2
ipr oto

ρ fmod
v2

imod

(7.12)
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The pressure drop caused by the prototype cyclone’s resistance will be approximately 4 ·105 Pa. To overcome this
pressure drop, additional pump power is needed. With the pressure drop and the designed volume flow of 0.5 m3/s,
the minimal required power for one installed cyclone is found with equation 7.13

Epr oto =Qipr oto ·Ppr oto (7.13)

The minimal required extra pump power, Epr oto , would be 200 kW per cyclone. When 16 to 20 hydrocyclones are
integrated into the harvester, the additional required power could rise to 4 MW.

The total power required by the VTS for transporting the total collected slurry by the harvester is expected to be
5 MW [55]. The power that the VTS saves by removing the smaller particles from the flow would only be a fraction
of that 5 MW due to the low concentration of fines. Accompanied by costs of additional power installation inside the
seafloor mining tool, it would be unfavourable to install this cyclone directly behind the collector.

7.4. Conical angle
Original angle
Larger particles have been observed to stay in rotation in the cyclone, crowding the cyclone. The reason why this only
happens for the largest particles, is because the surrounding current has a relative low effect on their behaviour com-
pared to smaller particles. Larger particles are dominated more by their own inertia, than the finer particles. Because
the current flows, parallel to the wall, in the direction of the underflow when near edge of the cyclone. Therefore, the
smaller particles that do reach the outer wall, do not stay in orbit, but the larger particles do.

Because the particles mainly rotate halfway down the conical section, the first assumptions made in section 4.1 are
correct. This is true for the top part of the conical section. No particles remain at the edge of the cone and the
cylindrical section, unless the flow rate is increased or the conical angle is too large. This is clearly observed during
experimentation. After examining the footage of the large particles, there clearly is a difference in angular velocity
between the top part of the cyclone, and halfway down the conical section where the particles accumulate.

Halfway down the conical section ,the particles have an angular velocity of at least two and a half that of the particles
on top. Because the inlet velocity and the circumference of the cyclone are known, the centripetal acceleration was
used for the calculation of the original conical angle. With the angular velocity in the middle of 2.5 times the angular
velocity on top, and a diameter of 0.088 m in the middle, the velocity of the particles is equal to 1.713 m/s. Substituting
the values for the topside of the flow into equation 7.14 and the values for the middle into equation 7.15 shows a large
difference in centripetal acceleration.

actop =
v2

top

rtop
= 1.1062

0.071
= 17.23m/s2 (7.14)

acmi ddl e =
v2

mi ddl e

rmi ddl e
= 1.7132

0.044
= 66.69m/s2 (7.15)

When implementing equations 4.5 & 4.4, an angle of 33.20 is needed for the top section of the cone, and an angle
of 16.70 in the middle section. Both are still conservative assumptions. However, it shows that the further down the
cone, the smaller the conical angle must be for a smooth transition toward the underflow. So, it is expected that large
particles will always keep rotating at some location in the cyclone. However, they will force each other in the direction
of the exit, when the concentration gets too high. Therefore, the cyclone will never be filled up with particles.

Wide angle
Particles leaving through the vortex-finder occurs much more frequently with the large angled cone. With a split
ratio of 0, approximately 3 out of 4 particles are collected by the vortex-finder. This is because the wide angled cone
is always filled with large particles as they stay in rotation. Therefore, the particles are constantly colliding. The
other reason for the losses of large particles, is that the opening of the vortex-finder is placed directly above the apex.
Leaving little room for particles to escape the pull of the overflow, which can clearly be seen in figure 6.7. This loss of
particles increases when split ratio is decreased to 0 where the underflow is closed. This is very disadvantageous for
the performance of the cyclone.
A larger conical angle, and thus a shorter cyclone might be possible. Only the largest particles had a reduced partition
when the concentration inside the cyclone got to high. If these particles could be prevented from entering the central
vortex with e.g. a shorter vortex-finder, larger particles already removed from the flow or lower flow velocity, a wider
conical angle could work as well.
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Discussion

8.1. Discussion
Airtight setup
Creating an environment that simulates deep-sea conditions above ground is complicated. Keeping air from entering
the cyclone was not possible with the used setup. Air pockets arising inside the central vortex are difficult to remove
due to the low pressure in the core of the cyclone. This may affect the motion of the particles in the centre of the
cyclone due the behaviour of the medium and the reaction of the particles to it. When the centre of the cyclone is
filled with water, there is no area inside the cyclone where water does not move toward an exit. Now that unmoving
air pockets occupy that core, the transportation of particles toward the exits is influenced.

Timescale ratio
Scaling the particle behaviour is done using Stk and r. However, both values are not completely accurate. Stk and
r utilise a specific part of how the drag coefficient behaves towards the particle Reynolds number. This makes the
Stokes number an overestimate for turbulent particle Reynolds numbers. And vice versa, for laminar Rep values, r is
very inaccurate. The particle diameter where the particle has a timescale ratio of unity, is estimated as the cutsize.

Because the particles with the estimated cut size as diameter have a Reynolds number close to the transition regime,
neither Stk nor r gives an accurate prediction of the timescale ratio. The current cutsize is verified with a simple
curve that transfers Stk into r. However, this function is merely an estimation which is not researched nor investi-
gated. Therefore, this leaves the verification unsubstantiated. Theoretical or empirical research for an appropriate
timescale ratio that describes the particle response to the surrounding flow in the transition regime could solve this
predicament.

External factors
The cyclone has been designed with limited knowledge of the outside conditions. Therefore, the model inflow distri-
bution might not reflect reality. The possibilities are limited due to the lack of information. For example, the way the
flow enters the cyclone, which can greatly impact on the performance of the cyclone, is unknown. Also, the ability
to adjust the split ratio and the required flow characteristics after separation are not known. However, they can be of
importance for the feasibility of the hydrocyclone. For a more accurate performance prediction, the incoming flow
and the required underflow characteristics are required.

Energy consumption
One of the most important key performance parameters of the hydrocyclone is energy consumption. The required
power and energy consumption for the separation process can become a major issue when these turn out to unprof-
itable or even unattainable. The unexpectedly high static head created by the cyclone gives reason to suspect that this
parameter might be decisive for the eventual feasibility.
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Residence time
Not just the timescale ratio is of importance when predicting the partition of the particles. The particle partition is
expected to be a function of both the timescale ratio and the residence time. The timescale ratio describes how a
particle reacts to the surrounding flow, where the residence time can determine the time a particle has to exercise that
reaction.

If the residence time of the fluid is extended, it can be assumed particles have more time to move towards the wall.
The average residence time of the fluid is computed with equation 8.1.

Vc

Qi
= Tr es (8.1)

The prototype residence time, Tr esp , is 1.42 seconds, where the residence time of the model, Tr esm , is 3.31 seconds.
This gives particles in the model two times longer to exercise their reaction to the surrounding flow. Therefore, they
might move toward the wall sufficiently to escape the pull of the central vortex. This would decrease the cut size and
the separation sharpness of the cyclone.

Nodule density
The average density of nodules has been used to determine the partition of the particles. However, the GSR data
suggests a large difference between nodule densities. Lower density nodules are lost more easily in the separation
process. For example, the smallest relevant nodule size of 1mm would have an r value of 0.14 if its density was 1100
kg /m3, resulting in large losses of these particles. Therefore, more information about the minimal nodule density is
required for a full feasibility analysis.

Nodule shape
Only the largest particle fractions that were tested had varying shapes. All other particles consisted of quartz sand
particles that have a rounder shape than most nodules. Both sediment and nodule terminal settling velocities have
been theoretically approximated with 4.11, which takes the shape of sediment in account. Therefore, scaling sediment
particles to nodules can give a slightly distorted view of the particle behaviour. However, due to the large timescale
ratio and Rep value of the nodules, it will not have a large impact on the results.

Fluctuating concentration
Some experiments using fine particles experienced fluctuating concentrations inside the cyclone. Due to the restric-
tions of the setup, it is not possible to create a constant and predetermined concentration. Observations established
that concentration has an impact on the separation performance. When a higher concentration was entering the
cyclone, an relative increase of particles leaving through the vortex-finder was recorded. This is most likely due to
density changes of the fluid or hindered settling of the particles. Although, the hindered settling and the equivalent
liquid model have both been investigated, the impact might have been underestimated.

8.2. Alternative use case
This research provides evidence that a hydrocyclone is useful for separating nodules from sediment and water. How-
ever, large particles can accumulate inside the cyclone, which increases the chance of blockage and loss of nodules.
Furthermore, investigation of the resistance created by the separator in section 7.3.4 determined that a cyclone de-
signed for 0.5 m3/s creates a pressure drop of approximately 4 ·105 Pa. The pump power needed for a single cyclone
would be 200 kW. With 16 to 20 cyclones required to separate the entire inflow of the harvester, the additional required
power could rise to 4MW. The accompanying costs and technical challenges of installing this technology inside the
seafloor mining tool are disadvantageous. Therefore, an alternative use case is proposed. Depending on the possibili-
ties of the production support vessel, hydrocyclones can act as an effective dewatering installation before ship to ship
transfer.

Topside utilisation of the cyclone mitigates the main disadvantages of the separation process. If the PSV has sufficient
space, the cyclones’ maximum dimensions would not be a restriction. Also, additional installation with the ability
to capture the large particles from the incoming flow before entering a cyclone, prevents the loss of large nodules.
Additionally, large vessels in the offshore and dredging industry often have no problem in generating an additional
4MW. Therefore, topside utilisation would be favorable over seafloor application.
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Conclusion & Recommendations

9.1. Conclusion
During this research, separation technologies have been investigated, a separator and an experimental setup have
been designed and constructed, and the cyclones’performance has been analysed, This study concludes by answering
the research question:

’What is the feasibility of a hydrocyclone inspired machine designed to separate polymetallic nodules from
surrounding water and sediment in deep-sea mining operations?’

In order to do so, the sub-questions, as defined in section 1.5, will be elaborated upon.

1. "When will the design be feasible?"

Multiple factors determine the feasibility of the separation device. These factors have been categorised under con-
straints and preferences. The seven vital requirements for utilisation in deep-sea mining operations are the following.
The separation device needs to: 1) be able to separate solids from other solids and liquids, 2) be able to collect man-
ganese nodules ranging from 0.1 cm to 12 cm, 3) have no moving parts, 4) have a continuous separation process, 5) be
unable to get blocked, 6) be low maintenance, and 7) be energy efficient.

The preferences are the requirements that come with the implementations of the separator inside a specific harvester
and determine that the maximum volume of the device is 1 m3, and that it must be capable of handling flow rates of
0.5 m3/s. If the separator does not comply with any of the constraints, the design is non-feasible. Failing to comply
with the preferences however, does not automatically indicate that the separator is incapable of the suggested process.

2. "What is the best method for this separation?"

From the literature it is evident that hydrocyclones are the best technology for separating manganese nodules from
the carrier fluid in deep-sea conditions, when a sturdy mechanism that is capable of handling high flow rates with
limited space is required. Unfortunately, this research indicates that larger particles can be difficult to separate and
the energy consumption is high, which makes deep-sea utilisation impractical. However, there are opportunities for
topside deployment.

3. "What principles of a hydrocyclone can be used for the separation of the nodules?"

The fundamental principle on which the operation of the hydrocylone is based is centrifugal sedimentation created
by an inner downward vortex. Due to the geometry of the hydrocyclone a smaller central vortex is created, flowing in
the opposite direction toward the vortex-finder. The motion of the coarser particles is dominated more by their own
inertia than finer particles, allowing them to move toward the edge of the cyclone fast enough to escape the pull of this
central vortex. Finer particles will not have time to move toward the edge and can be considered to follow the path of
the flow. Reducing the split ratio by forcing the flow in the direction of the vortex-finder can therefore enhance nodule
separation from the surrounding seawater and sediment.

4. "What is the separation efficiency of this technique for the proposed operation?"

The efficiency of the cyclone is determined by its ability to separate the nodules from both sediment and carrier fluid.
Investigation of the key performance parameters determined that 98% of the total volume of solids can be separated

64



9.2. Recommendations 65

from the nodules if a minimal bypass effect and a high separation sharpness can be achieved. Furthermore, analysis
of the experimental results indicates that the cutsize is smaller than the smallest expected nodules, which suggests
that all nodules can be collected. However, several large particles are lost due to crowding when reducing the split
ratio and increasing the conical angle and volume flow.

The cyclone is capable of removing 100% of the unwanted fluid. Unfortunately, reducing the split ratio to 0 increases
the loss of large particles and the resistance of the cyclone. However, as the flow requirements after separation and
the possibilities within the harvester to control the underflow are unknown, a split ratio of 0 might not be desired. If
the loss of large particles can be mitigated, a minimal split ratio increases the separation of the nodules from both
sediment and fluid.

Because the cyclone complies with the rest of the restrictions and preferences, the capacity and the energy consump-
tion determine if the separator is feasible. Experimentation suggests that the cyclone is capable of handling the re-
quested flow rates. However, increasing the volume flow shows an increased accumulation of large particles. There-
fore, exceeding the designed capacity is expected to limit the separation efficiency. Nonetheless, the results of the
experiments indicate great potential for the performance of the cyclone for the original designed capacity.

Due to large resistances when operating at high flow rates, the energy consumption is excessive for deep-sea opera-
tion. Therefore, integrating the cyclone into the harvester is inefficient. Topside operation would be more beneficial
for a hydrocyclone as the power supply costs are lower, and large particles can be removed from the flow before enter-
ing the cyclone.

9.2. Recommendations
9.2.1. Theory

Investigation of timescale ratio
Theoretically, particle behaviour of the flow is determined by the timescale ratios Stk and r. These have also been
utilised for the scaling of the particles to determine the prototype cut size. The experimental results have been vali-
dated by creating a curve that transfers Stk into r. However, even though this validation is plausible, it is not substan-
tiated. Research into a timescale ratio that accurately describes the particle reaction to the surrounding flow for the
transition regime is recommended.

Effect residence time
Not only the reaction to the surrounding fluid determines the cyclone’s performance. The time a particle has to carry
out that reaction also plays a role. Investigating the effect can give an enhanced insight in the cyclone’s separation and
can help determine a more accurate cut size for the prototype cyclone.

9.2.2. Setup

Adjustable vortex-finder
The model cyclone was designed with the intention of testing alternative conical angles. The reason was the exceeding
of the maximal length of the cyclone and the assumption that the conical angle had been determined too conservative.
However, results of the experiments has given reason to assume that the vortex-finder length can affect the separation
performance of the cyclone significantly. Customising the vortex-finder with an adjustable length would give more
insight into the opportunities the cyclone has.

Redirection of the flow
The current setup was not able to bring fine particles into the flow with a consistent and predetermined concentra-
tion. Because the critical material to obtain the partition curve, consists of fine particles, this is a loss of valuable
information. Creating an adjustable redirection between the buffer and the pump could improve the experiments
considerably. The concentration could be controlled by creating a suspension in an external container. With this
setup the original designed volume flow can be reached, which will lead to more reliable data. This extension to the
setup is illustrated in figure A.36 in appendix A.

Fine particle measurement
Due to the current limitations of the setup, the partition of small particles cannot be measured accurately. Other
methods of fine particle collection passing through the cyclone should be researched in order to construct an accurate
partition curve. Permeable bags that retain the particles, or sufficiently large non-permeable bags that would take
more than the whole experiment time to fill are viable options.

Increased flow rate
Experimentation of the cyclone performance was carried out with 70% of the original designed volume flow. Ex-
perimentation at 100% capacity would be beneficial, not only for the partition curve that comes with the originally
designed flow rate, but also for the investigation of the large particle behaviour. Increasing the flow rate shall enhance
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the accumulation of large particles inside the cyclone because of an increased angular velocity. Loss of large parti-
cles due to collisions when the concentration increases is an essential phenomenon that needs to be investigated to
determine the feasibility of the cyclone.

9.2.3. Experiments

Mixture testing
Large particles do not experience the presence of fine particles. However, large particles do experience the presence of
slightly larger particles and vice versa. The experiments were all carried out with fractions of particles with roughly the
same diameter. In doing so, a clear overview of the partition of specific particle diameters can be created. However,
testing mixtures of particles could give other insights, for example, the loss of large particles through the vortex-finder.
Due to heavy collisions with similar-sized particles, they can bounce toward the centre of the cyclone where they
captured by the central vortex. However, the presence of smaller particles might mitigate the effect of the collisions,
which is favourable for the cyclone’s feasibility.

9.2.4. Future research

CFD model
Now that the model experiments have proven potential for the separation process, a CFD model can be constructed
to determine if the cyclone is as efficient as the research concludes. The particle response to the surrounding flow, the
partition curve, capacity and the energy consumption of the prototype cyclone can all be analysed in detail without
high experimentation costs.
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A
Setup components

In this section the individual parts from the setup, that are worth mentioning, are shown. Figures A.2 & A.3 show the
numbers of the components.
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Figure A.1: Side view of setup in laboratory
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Figure A.2: Side view of the experimental setup

Figure A.3: Top view of the experimental setup
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1. Centrifugal pump

Figure A.4: Topside of the centrifugal pump

Figure A.5: Centrifugal pump
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Figure A.6: Frequency converter to control pump RPM

The centrifugal pump is controlled by a frequency converter shown in figure A.6.
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3. Hopper system
Conveyor belt

Figure A.7: Empty conveyor belt in position

Figure A.8: Partly filled conveyor belt in position
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Hopper

Figure A.9: Hopper used for guiding particles into stream
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4. Cyclone separator model
The design of the cyclone separator is extensive. Therefore, all drawings are are shown here.

Topside of the model cyclone
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Original conical section
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Figure A.12: 3D illustration conical section

Large angle conical section
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Figure A.14: Picture cone with large angle

Assembled model cyclone
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Figure A.16: 3D illustration assembled cyclone

(a) Front view cyclone (b) Side view cyclone

Figure A.17: Pictures assembled cyclone
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Figure A.19: 3D illustration of assembled cyclone with large conical angle
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Figure A.20: Installed cyclone

3D printed transition pieces Individual 3D printed parts are illustrated below. These parts were needed to connect
the separator to the rest of the setup.

Figure A.21: 3D printed inlet transition piece design
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(a) Top view underflow to pipe transition piece (b) Side view underflow to pipe transition piece

Figure A.22: Photo’s 3D printed transition piece for underflow to pipe

Figure A.23: 3D printed underflow to pipe transition piece
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(a) Top view inlet transition piece (b) View through inlet transition piece

Figure A.24: Photo’s 3D printed inlet transition piece
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7. Settling tank

Figure A.25: Empty settling tank

Figure A.26: Operating settling tank
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8. Large measurement container

Figure A.27: Large measuring tank

9. Small measurement container

Figure A.28: Small measuring tank
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11. Valves

Figure A.29: Valves used for altering split ratio of the cyclone.

12. Flow meters

Figure A.30: Flow meter attached to underflow

Figure A.31: Flow meter attached to the inflow
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Other components
Figure A.32 shows the scale used for the density tests and the weight measurements to determine the partition of the
particles.

Figure A.32: Scale used for mass partition measurements

Figure A.33 illustrates the drill used to get the smaller particles in suspension before adding the slurry into the hopper.

Figure A.33: Drill used for mixing suspension

‘
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Figure A.34 shows the light panels used to enhance the video footage. This light panel was located next to the cyclone.

Figure A.34: Light panel used to illuminate the cyclone

The valves that were used for emergency drainage or to empty the setup completely after experimentation are shown
in figure A.35. These valves open much faster than those that control the split ratio, but are less accurate in making a
specific desired flow.

Figure A.35: Ball valves
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A.1. Suggested bypass

Figure A.36: Suggested redirected flow



B
Particle tests

B.1. Separation into compact fractions
The available particles have been sorted and measured in order to determine the particle properties and their timescale
ratios.

Figure B.1: Particle sorting device
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Figure B.2: Sorted particle fractions

B.2. Density tests

Figure B.3: Sand used for density tests

Figure B.4: Scale used density tests
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B.3. Settling tests

Figure B.5: Tank and timer used for settling tests

B.4. Particles properties

dp range (d0 −d100) [mm] d0+d100
2 [mm] ρs [kg /m3] w0 [m/s] w0c [m/s] Rep Stk r

0.005 - 0.02 0.013 2650 0.0005 0.0007 0.01 0.34 0.001
0.040-0.070 0.055 2650 0.0021 0.0030 0.16 3.10 0.02
0.065-0.105 0.085 2650 0.0051 0.0073 0.62 5.96 0.07
0.18-0.25 0.215 2650 0.0327 0.0465 10.0 24.0 0.72
0.25-0.35 0.300 2650 0.0424 0.0603 18.1 39.5 1.12
0.35-0.5 0.425 2650 0.0634 0.0902 38.3 66.6 1.83
0.5-0.71 0.6050 2650 0.0787 0.119 67.7 114 2.50
0.71-0.8 0.755 2650 0.1034 0.1471 111 158 3.15
0.8-1.4 1.10 2650 0.1134 0.1613 177 277 3.78
1.4-2.0 1.70 2650 0.1886 0.2682 456 533 4.97
2.0-2.4 2.20 2650 0.2124 0.3021 664 785 5.38
4.0-6.0. 5.00 2650 0.4810 0.6841 3420 2689 6.63
8.0-12.0 10.0 2650 0.6520 0.9273 9273 7605 6.63

Table B.1: Particle properties and timescale ratios from sorted particles



C
Operational protocol

This operational protocol will act as a guide to prepare, operate and finishing up the setup in order to have successful
experiments and get consistant measurements.

C.1. Preparation
Before an experiment can take place, the setup needs to be clean, filled to the correct water level and it should not
loose water. This can be accomplished by following the steps below.

1. Clean the setup with vacuum and water hose.

2. Let out all remaining water.

3. Close all the exits.

4. Open all valves that regulate water stream through the system.

5. Fill up with water until the required water level in the settling tank is reached.

6. Check for leakage and fix any problems.

7. Let out all the remaining air. (Creating a small flow can help.)

C.2. Operatation
Depending on the particle size, a different approach of operating the setup needs to be chosen. Large particles cannot
be guided through the pump and are inserted through the hopper with the use of the conveyor belt. Smaller particles
can flow through the pump and settle slowly in the hopper system. Therefore, a slurry can be submitted in the hopper
or small particles can be mixed in the buffer.

C.2.1. Large particles
1. Turn power on.

2. Make sure the conveyor belt is not moving.

3. Turn on laptop and check flow meters.

4. Clear conveyor belt

5. Add required weight for the wanted concentration on the conveyor belt. The excel file can be used to determine
the required weight.

6. Turn on pump (max 1140 RPM). And check leakage and other occurrences. Fix problems before filming and
starting the experiment.

7. Check and start camera. Make sure the experiment number is visible.

8. Remove the created vortex from the cyclone by cutting of the underflow temporarily.

9. Start experiment by turning on conveyor.

10. Carry out experiments, while watching the setup. Look out for blockage of pipes, and hopper.
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11. Turn off conveyor belt

12. When experiment is finished, first lower pump power before stopping it completely. Otherwise a reverse current
occurs due to water level differences in settling tank.

C.2.2. Small particles
1. Turn power on.

2. Make sure the conveyor belt is not moving.

3. Turn on laptop and check flow meters.

4. Clear conveyor belt

5. Make the required slurry in a large bucket. The excel file can be used to determine the required weight.

6. Turn on pump (max 1140 RPM). And check leakage and other occurrences. Fix problems before filming and
starting the experiment.

7. Check and start camera. Make sure the experiment number is visible.

8. Remove the created vortex from the cyclone by cutting of the underflow temporarily.

9. Start experiment by adding slurry to the hopper. Or add slurry to the buffer section.

10. Carry out experiments, while watching the setup. Look out for blockage of pipes, and hopper.

11. Watch the underflow and overflow section of the particles are not overflowing into the buffer section. Preferably
the particles are captured in their designed containers.

12. When experiment is finished, first lower pump power before stopping it completely. Otherwise a reverse current
occurs due to water level differences in settling tank.

C.3. After operation
1. Turn off camera

2. Turn off power

3. Let particles settle in the tanks.

4. Carry out measurements.

5. Empty hopper system

6. Empty setup.

7. Clean setup. Sometimes the setup needs to be filled a couple of times to remove all small particles.

8. Disconnect from power and remove laptop.

C.3.1. Other occurrences
Blockage in pipes This can happen when too much particles are transported through the system. Or when the velocity
through the pipes is too low. WATCH OUT DURING EXPERIMENTS FOR ACCUMULATION OF PARTICLES IN PIPES.
Prevention is always better than solving the blockage. The following can be done when the pipe is blocked:

1. Remove some of the water in the buffer tank. This will enhance the difference in water pressure for both sides.

2. Close valve in other direction to force water through the blocked section.

3. Start and stop the pomp several times while shaking the pipe softly. The pump will push the particles toward
the settling tank, and when the pump is stopped, the difference in water level will push the water in the other
direction in the pipe.

Blockage of hopper
Stop conveyor immediately. When small particles create a plug, poor some water down the hopper. Adjusting the

pump power helps unplugging the system. If large particles block the hopper, guide them through the pipe by hand.
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C.4. Measurement protocol
When the particle and water densities are know and the empty and full container weight are known, the weight of
collected particles can easily be determined. First the volume of the containers is precisely measured by subtracting
the empty container weight from the with water filled container weight and dividing it by by the water density.

Vcont ai ner =
Ww −Wempt y

ρw
(C.1)

When exact volume of the container is known, the density of the mixture inside the containers can be obtained by
weighing the containers with the mixture and dividing it by the volume.

ρmi x = Wmi x

Vcont ai ner
(C.2)

This leads to the following equation for the total particle weight per container:

Wp =Wmi x
ρmi x −ρw

ρp −ρw
(C.3)

Both containers need to to measured and compared to the total amount added to the flow. If the total amount
collected by the containers is not comparable to the total amount added, the measurements are inaccurate and the
gathered data is incorrect.

Besides measurement data, visual data is also collected. The transparent model cyclone is filmed using a high
speed camera. This way all separation process inside the cyclone can be investigated. If remarkable findings are
observed, the video footage helps understanding the phenomena.
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