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Summary
Bulk carriers make up around 20% of the global merchant fleet, and thus have a vital position in the
operations of the maritime sector. These ships load and unload at places like the EMO terminal, where
enormous quantities of bulk solids, mostly iron ore and coal, pass through. In every operation that
involves particulate solids, efficient storage and handling of the material is an essential part.

The loading and unloading of bulk carriers that dock at the EMO terminal is largely automated so
that if a ship has docked, a crane with a grab will start digging out the hold to 95%. For the last 5%,
a front loader is used to move the cargo together so the grab can also unload this material. Material
also remains in various places such as walls and stairs due to sticking and compaction. To clean the
stairs personnel are using various hand tools to remove this material. After this has happened and the
access to the bottom of the hold is clear, a front loader and excavator can be lifted into the hold to clean
off the remaining material in the hold. The process of clearing the stairs takes many manhours and can
be dangerous. Cleaning the rest of the hold is also dangerous because the grab simultaneously works
in the hold. The machines in the hold can be used to clean the wall, but they are not usable on areas
such as stairs. The use of these machines also can damage the ship resulting in extra costs. The high
docking and demurrage costs also make any time savings financially attractive.

The aim is to develop a method and/or equipment that can clean the stairs so that people do not
have to do this task and that the time spent in the danger zone and risks are minimized. This solution
should also be able to clean the other parts of the hold where material is stuck. This solution should
not damage the hold so that no extra costs are incurred. If the stairs have been cleared and a safe
access has been created, the bottom of the hold can still be cleaned by a local human operator in a front
loader. Making the whole unloading/cleaning process autonomous such that no people are needed is
the ultimate goal of EMO. The research question of this report is: Is it possible to clean the hold of a
coal bulk carrier by machine, and have the hold be cleaned faster and with less damage?

The problem is further analyzed and literature about bulk handling and unloading is studied. This
includes a look at the properties of bulk material and its dangers, discharge aids in silos, bulk conveying
methods. A stakeholder analysis is also done to understand who is involved with this project.

Information learned by practice is gathered from EMO and commercial products are gathered. A
variety of state of the art products that are used for industrial cleaning and material dislodging and
moving are studied including a water gun, water lance, a wall riding robot, and highpressure water
jetting. The things that EMO has already tried include a hydraulic hammer, a vibration plate tamper,
vibrating needles, an air cannon, a lowpressure water jet, and multiple excavator attachments.

The system and environment at the EMO terminal are analyzed. The minimum standard of cleaning
required is determined to be “shovel clean”. The damage done to holds and the associated costs are
analyzed, it shows that the machines in the hold did €36K of damage. The safety incidents during
cleaning are shown and the potential improvement is almost 80%. Also, the speed of cleaning a hold
is determined to be up to 68 hours.

The functional specifications of the system are noted, from these specifications the design require
ments are generated. The dimensions of a large hold, and the space available on deck and the quay are
shown. The specifications and design requirements are split into 3 categories: requirements, recom
mendation and optional. Some requirements are: no damage to the ship, no excessive dust generation,
works on all ships, as safe and fast as the current process, and possible to automate. Some corre
sponding design requirements are: no hard contact with the ship, low airflow rate, a specified minimum
horizontal and vertical reach, does not create dangerous situations, specified maximum average hold
cleaning time, can be automated.

A description of multiple concepts is made and the best are selected using a multicriteria analysis
and a feasibility study after the design is elaborated on. The concepts are split into 2 functional cate
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iv Summary

gories: cleaning the hold and reaching the cleaning area. The cleaning concepts that scored highest in
the multicriteria analysis are a lowpressure water washer, air compressor and a highpressure water
washer. The best reaching concepts are the currently used CAT 329 excavators and a scissor lift. After
further study, the concepts chosen from this selection are a highpressure washer and an excavator.

The technical specifications are drawn up, a design concept is made, and a simplified prototype is
built. The concept includes a CAT 329 excavator with a highpressure pump of at least 200 bar and
a water tank of at least 1 m3. The counterweight is removed from the back, and the pump and tank
are placed on a constructed frame. Highpressure hoses are run from the tank to the pump and from
there over the boom and arm to a simple attachment with one or multiple (types of) nozzles. The steps
toward automation are also discussed.

Then a pilot is done where the concept is tested, and the results from the testing are analyzed. The
first tests include measuring the impact of a water jet using a load cell at operating pressures of 100,
140 and 180 bar. This is done using 3 types of nozzles: a round jet, a flat planar jet and a rotating jet
that forms a coneshaped spray. The standoff distances are 0.5, 1 and 1.5 m. The standoff distance
has little influence on the measured impact force, but an increasing pressure clearly causes larger
forces. Nozzle 1 and 3 mostly have similar impact forces, but nozzle 2 always generates the largest
force. Regarding the impact pressure, nozzle 1 is the best, then nozzle 2, and then nozzle 3.

The second tests are jetting on a piece of painted steel to see if a hold would be damaged during
cleaning. This is done by measuring the paint layer thickness with an ultrasonic thickness gauge. The
same nozzles and distances as in test 1 are used, but only at 180 bar. The measurements showed
that no damage was done.

The last tests measure the duration of cleaning of a section of sheet pile wall, since a ship hold is
not available to be used. This is done using the same nozzles and distances as before, but only at a
pressure of 180 bar. Nozzle 1 was the quickest, then nozzle 2 and lastly nozzle 3 was incapable of
cleaning its section. In this test, increasing distance did result in longer cleaning times due to decreased
impact pressure. A rough calculation shows an entire hold would take between 6 and 18 hours to clean.

Some of the conclusions that are drawn regarding the performance of the concept are as follows: The
noise level seemed acceptable, the hold would not be damaged, the water flow rate was not too high,
the excavator can reach everywhere in the hold. It is not known how well the concept performs cleaning
a hold, especially regarding time. So regarding the research question: The hold can be cleaned with a
highpressure water system without damage, but it is uncertain how well the concept would perform on
stairs in the hold where the standoff distance could be as much as 23 m. So if the concept performs
well in a hold, which can be tested next, large savings in the form of time, money and safety can be
realized.

Recommendations are made for further study and/or improvements. These include further research
into oscillating flow, the effect of multiple, different, moveable nozzles. Also, further testing regarding
nozzle types and nozzle sizes is suggested. And lastly, investigating how an automatic (dis)connecting
system between an excavator and a shore crane can work, and looking into developing a way to scan
a hold and have an excavator operate autonomously in that hold.
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1
Introduction

A bulk carrier is a ship that transports bulk quantities of cargo. This type of bulk cargo is unpacked
and loose. This means that there is no ordered packing structure, e.g. grains, ore, and coal, but also
liquids and gasses such as oil and other chemicals. Some of these ships can unload their own cargo
but others depend on port equipment for unloading. Bulk carriers make up around 20% of the global
merchant fleet [1], and thus have a vital position in the operations of the maritime sector.

The largest amount of bulk products is in particulate form. The handling processes of bulk solids
are wasteful with respect to energy and improvements can cause large savings over a spectrum of
industry. Our understanding of particles compared to gases and liquids is not very advanced, since the
problem is complicated and has many facets. Particles interacting with each other, and gas or liquid is
an important aspect in describing the behavior [2].

These goods are transported all over the world by bulk carriers loaded with hundreds of thousands
of tonnes of material. These ships load and unload at places like the EMO terminal, where enormous
quantities of bulk solids, mostly iron ore and coal, pass through. In every operation that involves par
ticulate solids, efficient storage and handling of the material is an essential part. To design the storage
and handling equipment so that it works correctly, knowledge of the material properties is required.
However, bulk carriers transport materials with many different properties. So in this case the design of
port equipment needs to work for all types.

The loading and unloading of bulk carriers that dock at the EMO terminal is largely automated, but
not completely. If a ship has docked, a crane with a grab will start digging out the hold, it can do this for
95% of the material. For the last 5%, a front loader is used to scoop the material together in the center
of the hold so the grab can also unload this material. However, material also remains on the walls, on
walkways, stairs, and other components in the hold due to sticking and compaction. To remove the
material on the stairs personnel are using various hand tools to remove this material. After this has
happened and the access to the bottom of the hold is clear, a front loader and excavator can be lifted
into the hold to clean the remaining material in the hold. The excavator can be outfitted with various
attachments and is then used to clean the walls. This is done in tandem with the digging of the grab.

The process of clearing the stairs takes many manhours and can be dangerous due to the nature
of the work and the location: working on stairs and digging coal or iron ore in a hold with the potential
for dangerous gasses and dust. This process uses water to clear the stairs, which gets mixed into the
product. This is an unwanted consequence that has an impact on the quality of the cargo. Cleaning
the rest of the hold is also dangerous to a lesser degree, due to the combination with activities of the
ship unloader crane.

The attachments used by the machines in the hold can be used to clean the wall, but they are not
usable on more difficulttoreach areas, or areas with flat horizontal surfaces, such as stairs. The use
of these machines also can cause damage to the ship resulting in extra costs. The high docking costs,
and potential demurrage costs, of bulk carriers also make any time savings financially attractive.

Research has been done about optimizing the moving of loaders between ship and shore [3], the
optimization of the unloading strategy [4], the virtual prototyping of grabs [5], systematically optimizing
grabs for multiple cargo types [6], and many studies about hopper discharge [7–11]. But for this study
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2 1. Introduction

no specific scientific literature has been found about the cleaning of large fractions of stuck material in
bulk carrier holds, which makes this topic worth investigating.

The aim of this project is to develop a method and/or equipment that can clean the stairs so that
people do not have to do this task and that the time spent in the danger zone and risks are minimized.
This solution should also be able to clean the other parts of the hold where material is stuck, since the
method presently used for this is suboptimal. This solution should not damage the hold so that no extra
costs are incurred.

This can happen fully automatic by means of scanning the hold of the ship but this is an unlikely
outcome and the focus will not lie here. The control system for this is not easy to make since it not only
needs to cover every area, but also be controlled such that the area is cleaned adequately and know
when the area is clean (in difficult lighting and dust conditions) without damaging the hold.

The other option is to use a person to control the equipment. If the core of the machine is located in
the hold (in contrast to outside reaching in), a remote controller should be used, because the machine
still needs to clear the access to the hold. This means that the only access to the hold is with a special
personnel basket lifted by the ship unloader crane, which is undesirable to EMO. It would be ideal if the
wall cleaning process can happen when the front loader is also working in the hold, so that the process
is as efficient as possible.

If the stairs have been cleared and a safe access has been created, the bottom of the hold can still
be cleaned by a local human operator in a front loader. Making the whole unloading/cleaning process
remote such that no people have to go into the hold, or even automating the process, is the ultimate
goal of EMO.

The following questions will be answered so that the research question ultimately can be answered:
Is it possible to clean the hold of a coal bulk carrier by machine, and have the hold be cleaned faster
and with less damage?

• What is the problem with the current unloading process at EMO and what is available in the
literature?

• What is the state of the art regarding cleaning in general and at EMO?

• What is the system and its conditions in which the solution operates?

• What is the new concept design?

• Does the prototype satisfy the requirements & wishes?

The approach of the project is as follows.

• Defining the problem:

– The problem is defined
– A literature and practice study is done

• Measuring

– The functional specifications of the system are noted
– From these specifications the design requirements are generated

• Analyzing

– A description of multiple concepts is made and the most valuable is/are selected using
benchmarking and a feasibility study

• Designing

– The technical specifications are drawn up
– (input for) a tender is set up
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3

– A design concept is made

• Verification

– (Tendering)
– A prototype is (partially) built, a pilot is done where the concept is tested and verified.

The design process of this project follows the double diamond method [12, 13]. It has four stages:
discovery, definition, development, and delivery.

The discovery phase consists of gathering data, learning more about the different variables that
affect the problem and its possible solution. The objective of this stage is to identify the actual problem.
The definition phase comprises filtering through the gathered data in the first stage and elaborating
on it. The definition stage aims to elaborate on aspects such as finances, resources, logistics, and
market situation before designing anything. It also sets the context for product development, assesses
the realism of what can be done, and analyzes how this project agrees with the corporate brand. The
development stage is the actual design, making of the solution to the problem defined in stages one
and two. Many possible solutions are sought, and creativity and cooperation are important aspects.
The delivery phase includes the testing and releasing of the product. In this phase you can test multiple
solutions on a small scale and discard the things that do not work. The things that do work are continued
to be developed. This often includes testing it against regulation and legal standards, damage and/or
compatibility testing. This phase is also used to assess the impact on customer satisfaction, in order
to quantify the impact on the brand and customer relations.

In Chapter 2 the problem is further analyzed and literature about bulk handling and unloading is stud
ied, and in Chapter 3 information learned by practice is collected from EMO and commercial products
are gathered. In Chapter 4 the system and environment at the EMO terminal are analyzed. In Chapter
5 the final concept is chosen and a concept design is made. In Chapter 6 the new concept is tested
and the results are analyzed. After that in Chapter 7 the shortcomings of the testing methodology are
discussed. Finally, in Chapter 8 conclusions are drawn regarding the performance and usefulness and
recommendations are made for further study and/or improvements.
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2
Problem analysis and literature review

This chapter will analyze how the cleaning of holds happens in practice at EMO, it analyzes the various
aspects of the problem, and has a literature review of bulk material and handling techniques. To better
understand bulk material and its properties the following is investigated in the literature. Properties of
bulk materials are shown and some consequences with the focus on coal. Silo discharge aids are also
analyzed followed by conveying equipment, since this is relevant for the central problem in this study.
Unfortunately, no literature was found on the specific topic of cleaning sticky material from holds. Lastly,
a stakeholder analysis is done to understand the relation of the people involved.

2.1. Current unloading process at EMO
The unloading of vessels by a shorebased gantry crane with grab, is regulated by guidelines [14–16].
A bulk carrier has a number of holds where cargo is stored. In Figure 2.1a is a full ship depicted.
Following a certain loading plan makes sure that the hull of the ship is not overstressed. If this would
not be the case and a crane starts unloading only the center holds, the ends of the ship will have a
large load, causing a large bending moment and possibly breaking the hull of the ship, this is visible in
Figure 2.1b. The inverse of this is depicted in Figure 2.1c.

(a) Fully loaded ship

(b) Ship that is sagging

(c) Ship that is hogging

Figure 2.1: Loading states of a bulk carrier [15]
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6 2. Problem analysis and literature review

Figure 2.2: The unloading plan of a ship at the EMO terminal
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2.1. Current unloading process at EMO 7

The master of the vessel and the terminal representative need to agree on a loading plan before
starting (un)loading, see Figure 2.2 for a plan as used by EMO. The sequence of this plan is visualized
in Figure 2.3. It can be seen that most holds are first emptied halfway by the crane, then the crane
moves to another hold where it empties it, see Figure 2.4, the numbers denote the order in which the
holds are emptied. And later the halfempty holds are completely emptied by the crane grab.

Figure 2.3: Unloading sequence visualized

(a) Shorebased gantry crane unloading a ship (b) A halfemptied hold of coal

Figure 2.4: The unloading process of a bulk ship
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8 2. Problem analysis and literature review

Depending on the cargo, material will remain on ladders, see Figure 2.5a. A hold always has two
accesses, but only one needs to be clear so that people can descend into the hold. It is also possible
in an emergency to use a basket and the gantry crane to lift people. One set of stairs is then cleaned
by personnel that positions themselves on the ladder/stairs and uses mediumpressure water hoses to
blast the coal off until it is clean, see Figure 2.5b.

(a) A full straight ladder (b) A cleaned spiral staircase

Figure 2.5: Accesses to the hold
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2.1. Current unloading process at EMO 9

After that the grab is uncoupled from the crane, and a CAT 966 front loader is lifted into the hold
by the gantry crane, see Figure 2.6a. This machine moves the remaining material on the floor to the
center so that the grab can also transport this to the shore. If the cargo is not selftrimming and remains
on the walls, a CAT 329 excavator is also lifted into the hold with the same procedure, see Figure 2.6b.
This uses a rough steel brush and as can be seen in Figure 2.7, the wires bend and lose functionality
after cleaning a few holds according to EMO personnel.

(a) CAT 966 front loader (b) CAT 329 excavator with brush attachment

Figure 2.6: Machines being lifted into the hold
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(a) The attachment with a brush (b) Closeup of the damaged brush

Figure 2.7: Excavator with the brush attachment
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2.1. Current unloading process at EMO 11

In Figure 2.8a the side shell frames of the hold are visible with a lot of stuck material. In Figure
2.8b the corner can be seen, where horizontal plates are large surfaces for material to remain after
emptying. In Figure 2.8c is a (fragile) sounding pipe visible with coal stuck behind it. Lastly, in Figure
2.8d the excavator is cleaning the side of the hold. Visible in it is the (superficial) damage done to the
hold. This machine is sometimes also used to clean the other set of stairs as best as possible. When
a hold is clean the machines can be lifted out to the shore, or left in so they can be moved directly to
another hold that is nearly empty and thereby saving time.

(a) Side shell frames full of coal (b) Corner full of coal

(c) Stuck coal behind a sounding pipe in a transverse bulkhead (d) Cleaning the sides of the hold

Figure 2.8: Stuck coal and the cleaning of it
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2.2. Bulk material properties
To understand what happens to the coal and problems of the cleaning process some knowledge about
material properties is necessary. A bulk solid material is composed of many particles that are different
in size and possibly other properties, and are grouped together. The character of the material, the way it
behaves in handling, storage, and its properties, are determined by multiple factors. The characteristics
of the material are an important consideration in the design or selection of handling and/or storage
equipment. The variation of bulk materials being handled is enormous, ranging in value from waste to
gold and in quantity from grams to millions of tonnes. Bulk materials have many properties including
the following [2]:

• particle size, shape, size distribution and surface area

• particle and bulk density

• cohesive properties, flowability and fluidizability

• hardness, compressibility

• toxicity, flammability, and explosibility

• optical, thermal, magnetic and chemical characteristics

• hygroscopicity (ability to attract moisture).

The importance of specific properties is dependent on the environment and operation of the ma
terial. For the following handling operations below, the more important properties with influence on
the behavior of the bulk material are mentioned [2]. Storage and gravity discharge are important here
because these properties determine the behavior of cargo when unloading the bulk carrier at EMO.
Thus, these properties are relevant for the unloading process and will be further explained.

In Table 2.1 the relation between particle size and flow behavior is outlined. It can be seen that
the smaller the particles are the more difficult flow is. For EMO this means that if a ship is going to be
unloading a material with small particle size, the material is probably not freeflowing, and thus a lot of
material will remain on the problem areas in the hold, requiring more cleaning effort.

Size range (µm) Component Bulk Characteristic

300030,000 grand and lump broken solid Freeflowing, but could cause mechanical
arching

1001000 granule granular solid Easyflowing with cohesive effects if large
percentage of fines

10100 particle granular powder May show cohesive effects and some han
dling problems

110 particle superfine powder Highly cohesive, very difficult to handle

<1 particle ultrafine powder Extremely difficult to handle

Table 2.1: Different particle size ranges and the typical flow characteristics

EMO handles many materials that all have different properties, this means that they have different
handling properties. Iron ore is received as pellets (balls), carajas (fine and wet ore), and coarse ore
[17]. Coal comes in dry, greasy, fine, and coarse kinds. Coking coal is often very cohesive and results
in difficult to clean holds.

• Storage and gravity discharge:

– Size, size distribution, shape, particle and bulk density, cohesive and frictional properties,
fluidizability, flowability, explosibility, toxicity, and compressibility.

• Pneumatic and mechanical conveying:
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– Size, size distribution, shape, particle and bulk density, friability, toxicity and explosibility

• Hydraulic conveying:

– Size, size distribution, particle density, friability and dispersibility

2.2.1. Cargo properties & behavior
A particulate material has a certain bulk density, which is defined as the weight per unit volume of a
group of particles [2]. This means that the bulk density is lower than the density of the material itself,
because there are voids between the particles, this can be seen in Figure 2.9. On the left is a lot of
air between the particles, on the right only moisture. Measuring the bulk density is not difficult, since
multiple standard methods exist. The problem is the interpretation of the measurements, since multiple
definitions of bulk solids exist. For example aerated or loose, packed, tapped, fluid and average (mean
of aerated and packed). The bulk density of a cargo material can be denoted by one value, but when
it arrives it has been compacted by the motion of the sea and the vibration of the engine of the ship
during the journey, resulting in a higher bulk density.

Figure 2.9: Difference in bulk density illustrated [18]

During transport, cargoes like various ores are exposed to agitation. This comes from the ship’s
rolling, wave impact, and engine vibration which results in compaction, or the reduction of porosity,
of the cargo [19, 20]. The standard methods for bulk material compression by vibrations are based
on individual equipment. The parameters of the vibrations have not yet been defined. The physics
of material compaction is getting more complicated with smaller particle sizes. This means that the
compaction process is not theoretically describable. An alternative is the experimental determination
of the compaction for precisely defined parameters.

For some materials time inside the hopper can lead to consolidation and a considerable increase in
bulk strength [21]. For some materials this increase in strength depends principally upon the period of
storage, this may range from minutes to months. From the start of storage, time consolidation effects
start due to loss of air, settling, and reorientation of the particles within the bulk. This process tends
to be enhanced by vibrations present in any bulk materials handling plant. These effects cause closer
packing of particles which results in an increase in bulk strength. Freeflowing materials likely have
negligible gain in strength.

This all causes the material to remain on the walls and stairs in a hold when most of the cargo is
unloaded by grab.
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Granular materials form a slope on the top surface. The critical slope on which granular materials
can remain stable, the angle between the surface of a pile of material on a horizontal board to the
horizontal plane, is known as the angle of repose [22, 23]. There are numerous methods for measuring
the angle of repose, some are shown in Figure 2.10. The results differ between exact methodologies.
Such tests are only relevant to powders that are at most somewhat cohesive, these form a specific
angle when poured (or drained). The angle of repose also says something about the flowability of a
material as shown in Table 2.2, a steeper angle of repose means that a material flows less easily, and
thus there remains more material in the hold.

(a) Rotating angle of repose

(b) Poured angle of repose

(c) Drained angle of repose

Figure 2.10: Various methods for determining the angle of repose of a material [24]

Angle of repose (°) Flowability

2530 Very freeflowing

3038 Freeflowing

3845 Fairflowing

4555 Cohesive

>55 Very cohesive

Table 2.2: The flowability of a material correlated to its angle of repose [21]

A study done about the bulk density of coal showed increasing the median particle size decreases
bulk density to a minimum and then increases [25]. Particle size distribution does not significantly affect
the angle of repose. The increase of moisture content decreases the bulk density and increases the
angle of repose significantly. The increase of oil addition increases the bulk density while decreasing
the angle of repose significantly. The correlation between bulk density and angle of repose can also be
observed: the higher bulk density, the lower angle of repose. The results suggest that larger external
loading increases bulk density significantly.

Another study shows that for increasing moisture content in a coal blend, the bulk density decreased
[26]. The latter reached a minimum when the moisture content is at about 7%. Further increasing the
moisture content results in larger bulk density. The addition of oil decreases the bulk density of dry coal,
but for coal more than 2% moisture, oil addition increases bulk density which reaches a maximum for
coal containing about 6% moisture. The increase in bulk density gradually decreases as the moisture
content further increases. Once the coal moisture exceeds about 10%, the addition of oil decreases
the bulk density. Another observation is that for larger moisture percentages, the coal does not flow
easily due to bridging. The operator needed to “poke” the coal at a moisture level >7% to ensure flow.
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Using DEM, piles of wet particles are studied [27]. It is shown that the angle of repose and the
porosity, increase with the moisture content until saturation. The porosity level is comparable to that of
a packed material and shows a linear correlation with the angle of repose.

It is shown that higher bulk density can be created when drying the coal or with an excess of moisture
by agglomeration [28]. This is confirmed by another study that mentions that for minerals such as
coal and metal ores, there is a general relationship between bulk density and moisture content [29].
This relationship is such that bulk density decreases to a minimum and then increases with increasing
moisture content. This is explained by that if the moisture content is lower than 6.5%, the mechanisms
of agglomerate density, interparticle friction, and tightened size distribution cause a lower bulk density.
When the moisture content is large, the mechanism of agglomerate deformation is also effective, first
causing the bulk density to reach a minimum and to increase.

2.2.2. Material hazards
A noncombustible, nontoxic dust is a nuisance for people when present in the air at concentrations
greater than 10mg/m3 [2]. If thematerial is also toxic then this is very dangerous for the people involved.
And if abrasive dust is in the air in high enough concentration, it can cause considerable damage to
equipment. The most serious dangers in bulk solid handling are dust explosions and health hazards.

It is recognized that most combustible particulate materials can cause an explosion provided that
[2, 30]:

• A sufficient amount of fine particles are dispersed in the air to form a dense dust cloud.

• Sufficient amounts of oxygen are present in the air

• An ignition source is present to initiate the explosion.

When these conditions are present to support such a quick combustion, large amounts of heat
and hot gases are produced. The gases expand quickly and the pressure climbs and propagates with
speeds of up to 300 m/s. This is what is called a dust explosion. There are many studies on the
explosibility of coal dust [23, 31–33].

Furthermore, coal is a fuel that undergoes combustion [34]. If spontaneous oxidation happens and
the released energy is trapped, the coal is selfheating. The result is that the temperature rises and
this can continue to combustion of the coal. Selfheating coal can result in secondary dangers such as
the production of carbon monoxide and other toxic and flammable gases. Also, the combustion of coal
consumes oxygen, so care needs to be taken in enclosed spaces. During the coal production process,
gases like methane can become trapped in the coal, which then later the coal will emit again, filling a
hold with combustible gas.

Fine particles dispersed in the air can enter the human body by inhalation, and are damaging to the
recipient. The size and density of a dust particle determine what happens to it in the body [2]. Particles
with a diameter between 15 to 25 µm are filtered in the nasal passage or are seized by impact against
the moist wall of the respiratory system. These particles are displaced to the exits, the nose and mouth,
by cilia cells. These are fine, hairlike cells covering the respiratory passages and are capable of moving
these particles. Some say that particles with a diameter between 0.1 to 1.0 µm are usually exhaled
from the body during the normal expiration and that particles smaller than 0.1 µm present the greatest
dangers, since they can go deep into the lungs and could enter the bloodstream [2]. In occupational
hygiene studies however, respirable dust is defined as dust having an aerodynamic diameter of less
than 5 µm [30]. The aerodynamic diameter is defined as the size of a sphere of unit density that would
have the same falling speed as the dust particle. The precise value of this size varies slightly over
the world. The aerodynamic diameter of coal particles is smaller than the physical size of the dust
particle. This is because coal has a lower density than that of the nominal material. Respirable dust is
considered a major cause of lung diseases.
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2.3. Discharge aids
Silos often have flow problems when the material is not completely freeflowing. This can have causes
such as ratholing, arching, bridging, and funnel flow. To improve the flow and make sure the silo is
completely emptied, discharge aids are used. Since no specific discharge equipment for bulk carriers
can be found, silo discharge aids are investigated since their functions are largely comparable. All
discharge aids for silos work using one or more of the following principles [35]:

• Dilation of thematerial. The flow function of dilatedmaterial exhibits significantly lower unconfined
yield strength thereby making it flow better.

• Induce stresses that exceed the strength of the bulk material.

• Reduce the friction between particles and the wall of the flow channel.

• Modify the flow regime to one more favorable to flow.

• Alter the bulk material flow properties by additives or surface modifiers.

They can be broadly classified into the following categories based on the form of flow promoting
mechanism employed:

• Active devices

– Pneumatic
– Vibratory
– Mechanical

• Passive devices

– Hopper shape
– Low friction liner
– Insert systems

The stress in the material in a bulk carrier hold can be compared the stress in the material in a silo
under some conditions e.g. after filling. Stress in a bulk solid in the vertical direction 𝜎𝑣, also causes
stress in the horizontal direction 𝜎ℎ [36]. The ratio of these stresses is called the lateral stress ratio,
denoted by 𝐾. This ratio is material dependent, a perfectly rigid inelastic solid body that is subject to
vertical stress would have no horizontal stress (𝐾 = 0), while a fluid would have equal vertical and
horizontal stress (𝐾 = 1). Usual bulk solid materials have a value of 𝐾 between 0.3 and 0.6.
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When an empty silo has been filled with material, a stress diagram as shown in Figure 2.11 is the
result. This shows the wallnormal stress 𝜎𝑤, resulting from the lateral stress ratio, and the mean
vertical stress 𝜎𝑣. In the straight part of the silo, these increase towards the bottom and approach a
maximum, which is there due to wall friction. The left part of the image shows the major principal stress
lines. In this silo section the vertical stress is the larger stress, which causes the horizontal stresses
according to the lateral stress ratio. Near the wall, the direction of the principal stress bends horizontally
because of the wall friction. Near the walls of a bulk carrier hold these stress lines are similar to a silo,
while in the middle of the hold they are (nearly) vertical, because a hold has a smaller height to width
ratio.

Figure 2.11: Major principal stress lines in a filled silo [36]
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While a silo is emptied by opening the bottom, a bulk carrier hold is dug out by a large grab. The flow
regime in a silo can be characterized in multiple ways, such as mass flow and funnel flow, as illustrated
in Figure 2.12. When funnel flow happens there are stagnant zones where the material does not flow.
When a grab is digging out a hold a similar situation can develop at the wall between holds, as can be
seen in Figure 2.13.

The focus will be on the active discharge devices, since these are most relevant for the central
problem of this study. The hold of the bulk carriers can not be modified, so low friction liners, reducing
wall friction, are not possible. Flow regime change is also not possible, this would require geometry
changes to the hold. And lastly, the bulk material that is unloaded can not be altered, so additives are
not allowed to be added.

Figure 2.12: Flow profiles in a silo. Silo a has mass flow, silo b has funnel flow with large stagnant zones, silo c has stagnant
zones in the lower part of the silo [36]

Figure 2.13: Stagnant zone in a bulk carrier hold
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2.3.1. Pneumatic Discharge Aids
A wide range of pneumatic discharge aids are available in the market, namely

• Aeration pads

• Pneumatically inflated air pillows

• Directed airjet type (continuous and pulsed)

• Air cannons

Aeration pads
This discharge aid relies on the dilation of bulk material [21, 35, 36]. This is done by injecting air into
the space between the particles, illustrated in Figure 2.14. Powders can behave like fluids when they
are fully aerated, but this is not necessary to create a steady flow of a bulk material. Bulk materials that
are (partly) comprised of particles with a size less than 75 µm, are suited for aeration. But powders that
are made up of particles that are much smaller, around 10 µm, are difficult fluidize, since channeling is
prevalent.

Figure 2.14: Aeration pads in a silo [21]

There are two options for aeration:

• Injection of air during discharge. This method reduced the bulk strength of the material, especially
near the outlet.

• Continuous injection of air during storage. This method impedes timedependent settlement and
deaeration, and thus the gain of bulk strength of the material. Very little air is required for very
fine powders for this process, but this method is not suitable for particles that are larger than 200
µm because deaeration is very quick. This method is not possible for cleaning holds, since the
material has already compacted during the journey.

If air is introduced at the time that the product is to be discharged the material is fluidized, this reduces
the friction between the solid particles and between the particles and the wall. Important is that there
is a uniform distribution throughout the product. Introducing the air through a highresistance porous
surface, such as sintered metal is often used.
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Inflated pillows
This is a flexible bladder that is mounted on the walls of a silo, see Figure 2.15 [35]. When they are
pressurized, the bladders expand and force the material to move away from the wall. In this way, they
can break ratholes and arches. These devices should only be used when the outlet is open and the
material can flow, otherwise compaction will happen and further hinder the flow. Materials with sharp
or abrasive properties, the bladders are vulnerable to damage by puncture or wear.

Figure 2.15: Air pillows in a silo [21]

Directed air jets
Directed jets use the kinetic energy of the air to dislodge material and initiate flow, see Figure 2.16
[21, 35]. The effective range of these jets is small, around 0.5 m. That is why the location of the jets
is important so that the necessary area is covered. It is possible to not run the jets continuously, but
pulse them so gas consumption is lower. These air expansion devices can also cause problems, e.g.
dust generation resulting from the quantity of expanding air.

Figure 2.16: Air jets in a silo [36]
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Air Cannons
Air cannons are similar to air jets, but work slightly differently [35, 36]. They inject blasts of high
pressure gas in a short duration, this causes a stress wave to travel through the material structure.
This happens faster than the air pressure wave moving through the pore structure of the bulk solid,
this breaks arches or ratholes. Air cannons need to be located where the material can flow into a
channel, see Figure 2.17. They are typically used with sticky, wet, adhesive, fine, caking, and fibrous
materials. They are also used to knock sticking materials and residual clumps of material from the
walls of the storage container. In contrast to continuous air injection, air cannons are also suitable for
use with coarsegrained bulk solids that suffer from time consolidation, since a positive action can be
achieved by the impulsive injection of air even if the airflow resistance of coarsegrained bulk solids is
low. The range of air cannons is also larger than systems that use slow air injection. Air cannons are
an important piece of equipment for bulk solids that have strong time consolidation effects.

Figure 2.17: Air cannon in a silo [35]

Studies of silo discharge using pneumatic aids
A study has been done about the aerated discharge characteristics of cohesive pulverized coal from
a hopper [37]. This cohesive coal displays different fluidization behavior than the normal profile. Saw
toothshaped pressure curves were found for increasing aeration velocity. The main mechanisms for
discharge have been analyzed and verified using experiments.

Experimental research has been done about the fluidization behavior of fine coal in a column and
a hopper [38]. The pulverized coal was difficult to fluidize and the fluidizing velocity was greater than
expected. Multiple aeration rates in a hopper were studied, four flow regions were developed, and the
prevailing phenomena that occurred during discharge were studied.

A study has been done with a pilotscale system to analyze the discharge behavior of pulverized
coal [39]. Several experiments with an aerated hopper and with several aeration rates have been done.
An earlier developed model was used to estimate the discharge. A correlation was found between the
voidage between particles and the gas velocity from fluidization experiments and applied to the model
for aerated discharge. Agreement was found between the model and experiments discharge rates.

The aerated discharge of multiple cohesive powders with different particle sizes, densities, and
flow properties is studied [7]. Discharge rates and residual mass were measured as a function of the
aeration rate. The results were used to predict the solid discharge rate with some accuracy. It is stated
that this makes some fluidization experiments unnecessary for the estimation of discharge rates.

A study has been done to create design criteria for aeration devices and aeration intensity that is
necessary to avoid arching [9]. Experiments were carried out in an aerated silo measuring the aeration
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rate when the arch collapses and the size of the arch. A model has been proposed to predict the
minimum aeration rate for discharge flow with no arching.

The effect of pulsated aeration in a hopper on discharge characteristics of cohesive and non
cohesive powders has been studied to see the effect of squarewave pulsated airflow [8]. The fre
quency of pulsation was varied between 0 Hz (continuous aeration) and 50 Hz. Two flow patterns,
intermittent and smooth, have been observed for different aeration rates and frequencies. Pulsated
aeration has a negative effect on the flow of noncohesive powders. However, it had a positive effect
on the discharge of cohesive powders. The maximum discharge rate is higher for pulsated aeration
and it is more uniform.

The studies above have researched the discharge of materials using pneumatic aids. It is clear that
aeration helps with the discharge from a hopper of cohesive materials such as pulverized coal, although
fluidization can be difficult. Air cannons and similar aids such as air jets were not a topic popular in
literature.

2.3.2. Vibratory discharge aids
Vibration as a means of aiding the discharge of a bulk solid from a hopper is widely used, and many
different types of equipment are available [21, 30, 35, 36]. Vibratory discharge aids can be attached
externally to the wall of a silo or attached to internal elements. These devices are used to solve prob
lems including arching, bridging, ratholing, buildup, and caking to walls. The principle that is used
here is that the vibrations decrease the bulk strength of the material, thus increasing the flowability
and decreasing wall friction. Additionally, the vibrations increase the stress in the bulk solid, and if the
yield limit is attained, the vibration breaks arches or ratholes. If the material is contained in a closed
container, vibration at low frequency often causes compaction. Highfrequency vibration can cause
compaction or dilation, depending upon various factors. Vibration should not be applied when the out
let is closed, as this could result in a strengthening of the material. Flow promotion depends on the
ability of the bulk material to transmit vibration energy from the source through the mass to the problem
region. The transmission of vibration energy decreases with increasing fineness and compressibility of
the material, because this increases the absorption of the vibrations.

Design considerations
The action of vibrations is best at frequencies above 100 Hz and amplitudes of 1mm or less according
to some [24, 35]. However, depending upon the design of the equipment, the frequency can range
from 14 Hz to 1300 Hz and amplitude from about zero to more than 60 mm [21]. Frequencies between
2 and 100 Hz have been used to achieve fluidization of bulk material, with amplitudes being such that
the accelerations were below 10 g [30].

The area of vibration of bulk solids has not received much attention, and this is possibly due to the
difficulty associated with modeling and theoretically analyzing suchmaterials under dynamic conditions.
The consequence is that much of the research has mainly been experimental investigation producing
empirical results. The design of vibrating devices mounted on a silo wall is complicated, because the
properties of the structure, such as wall thickness and stiffness, have to be taken into account. Care
must be taken as vibration may segregate the material or cause structural problems for silos that were
not designed to withstand vibrating loads [22]. The concept of resonance in the case of a bulk solid is
complex, especially defining the mass and stiffness in the vibrating system.

Discrete frequency sinusoidal vibrations and broadband random vibrations have both been exam
ined. The results indicate a sensitivity of the flow to the input frequency, that is dependent on mate
rial properties. Consistent performance has been observed by using broadband random vibrations.
Narrowband vibrations were largely unsuccessful in promoting flow. For this reason, broadband ran
dom excitation, which consists of an infinite number of frequencies represented in the bandwidth, has
advantages over discretefrequency sinusoidal type excitation.
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Studies of silo discharge using vibratory aids
A 2D DEM simulation of cohesive particles has been created to study point source vibrations for in
ducing flow in wedgeshaped hoppers [40]. It is shown that vibration can enhance the flow. The study
showed the influence of vibrator location and vibration amplitude in enhancing flow, while varying fre
quency had negligible influence. A related study analyzed the same problem further, but used a 3D
DEM simulation [41]. Here was also the importance of the height of the vibration source shown for
optimal flow enhancement. The model also shows that lowfrequency highamplitude vibration can
increase flowability through small ports.

Numerical simulations have been done where vibration in a hopper is created by two vibrating balls
in the corners, where most often the flow has problems [10]. The results indicate that the total number
of discharged particles changes linearly with time. The average velocities of the particles are increased
by vibrations, especially in the corners.

The influence of continuous vibrations on the outflow of a hopper has been studied experimentally
[42]. Outpouring material can be achieved for aperture sizes below the jamming limit of nonvibrated
hoppers. Even for aperture sizes that are equal to the particle diameter, granular flow persists, using
finite vibration amplitudes.

The influence of vibration on the flow of cohesive particles with an average particle size of 1 µm was
investigated using a shear tester [43]. The results show that vibrations lead to a significant reduction
of the shear strength, wall friction angle, and unconfined yield strength. The unconfined yield strength
decreases with increasing vibration velocity, however the angle of internal friction is nearly independent
of vibration intensity.

Another study has focused on physical phenomena observed in bulk materials affected by vibra
tion [44]. They present three characteristic regimes of vibration defined as vibrofluidisation, vibro
compaction, and vibroboiling. The analysis of air resistance, wave effects, and particle oscillations
decay that influence the behavior of vibrating bulk material. A new regime is introduced that is defined
as vibrohovering. The analytical solutions were experimentally validated.

Experiments have been done to investigate the discharge of glass spheres in a planar wedge
shaped hopper that is undergoing horizontal vibrations [45]. Without vibration, funnel flow is observed
where material discharges from the central region of the hopper and stagnant material at the sides.
The discharge rate increases with the velocity of vibration compared to discharge without vibration.

A similar study has researched the effect on the discharge of granular material from a hopper that
experiences vertical vibrations using experiments and DEM simulations [11]. The discharge rate for
a vibrating hopper is at its maximum at a dimensionless velocity amplitude a bit larger than 1. The
discharge rate decreases for larger velocities. This decrease is explained by a decrease in the bulk
density when vibrations are applied. The experimental and DEM results show the same trends in the
data.

The first three studies mentioned in this section were purely numerical, while the rest are either
experimental or have been validated experimentally. The results of these three are therefore less
trustworthy since there can be a lot of uncertainty and unaccounted variables in a numerical simulation.
However, from this section it can still be concluded that vibration promotes flow in many situations by
among other things reducing shear strength and wall friction angle. This means that vibration could be
used in cleaning bulk carrier holds by initializing flow in material that is stuck to the walls.

Report number: 2021.MME.8610



24 2. Problem analysis and literature review

Types of vibrators
The vibration devices can be put into two groups [21, 35]:

• Linear (electromechanical or airoperated)

• Rotary eccentric (electromechanical or airoperated)

These vibrators can also be used in different ways of agitating the material, this is shown in Figure
2.18. In Figure 2.18a the vibrator is mounted on the outside near the outlet, in Figure 2.18b the bottom
of the silo is uncoupled from the rest and is excited by the vibrator and in Figure 2.18c vibrating screens
are present in the silo.

(a) Vibrator mounted on the outside [21] (b) Vibrating bottom of a silo [35]

(c) Vibrating screens in a silo [35]

Figure 2.18

The airpowered piston vibrator resembles most closely simply beating the outside surface of the
hopper with an object. Linear electromagnetic vibrators have a similar effect, they both create vibra
tions perpendicular to the wall of the vessel. Electromagnetic and linear (piston type) vibrators have a
frequencies range of 20 to 120 Hz.

Rotary eccentric vibrators are generally more expensive than the linear types and typically have a
shorter lifespan [21]. They produce a radial impulse so that the wall also produces stresses parallel
to the wall. These vibrators generally run at higher frequencies and lower amplitudes than the linear
types. Dual rotary vibrators that are mounted in a parallel axis setup will tend to run synchronously.
This cancels the forces acting in one plane to create a linear oscillating force. Rotary vibrators can
create unwanted resonant frequency during startup and shutdown, so they are not always suited for
situations where intermittent vibration is required. However, they have achieved a reputation for being
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successful in keeping difficult materials flowing. Rotary electric vibrators generally operate between 10
to 60 Hz. Higher frequencies between 100 to 500 Hz, can be generated by pneumatic vibrators.

In general, rotary vibrators are recommended for dry, cohesive products. This vibrator type is
mounted rigidly on hopper walls. Linear vibrators are used for sticky or wet products. They are most
effective when there is some flexibility in the walls. But there is a large overlap in the use cases of
rotary and linear vibrators.

Externally mounted vibrators can be very loud. Allowed noise levels in the surrounding area may
inhibit some types of vibrators from being used. Linear impacting vibrators that act as a hammer, can
be as loud as 115 dB. Rotary vibrators can create noise levels up to 95 dB, but other models top out at
75 dB. Multiple measures can be executed to lower the sound level, e.g. proper mounting, insulation,
larger vibrator with lower speed operation, and avoiding resonance of the structure.

Related to this are sonic horns, they are used to dislodge sticky or adhesive powders and fluidize
powders using sound waves [35]. Highfrequency airwaves are produced to break the structure of a
bulk material. Noise considerations are an important aspect of these devices to be considered since
they can produce 150 dB.

2.3.3. Mechanical discharge aids
The traditional way to mechanically break up bridges or ratholes in a bulk material is to use holes in
the wall where people can manually poke the material with rods [21, 35, 36]. This method is not much
better than pounding the walls with objects, since the effect is insignificant and the process is damage
prone. One solution that works for large particles is hanging chains vertically in the vessel, these can
then be pulled upwards if there are flow problems so that possible arches are destroyed.

There are also multiple types of powered mechanical dislodgers, such as vertical and horizontal
stirrers, see Figure 2.19a. A reliable version is a circular bin discharger. This is an archbreaker arm
that is driven by a universal joint and works in the conical bin, see Figure 2.19b

There are also agitator blades that ensure that the flow zone covers the entire crosssection of the
hopper. Agitators come in horizontal and vertical axis versions. They are also combined with screw
feeders to ensure that problematic bulk solids flow into the feeding screw.

(a) Horizontal stirrer in a silo [36] (b) Arch breaker arm in a silo [21]

Figure 2.19: Mechanical agitators
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2.4. Bulk conveying methods
This section discusses how bulk material is handled, so insight is gained into how the cargo could be
moved from the hold to the storage area.

2.4.1. Pneumatic conveying
Pneumatic conveying of particulate solids is widely used in the process industry [2]. Some examples
of bulk materials that have been transported by a pneumatic system include, food and pharmaceuti
cals, soap powder, paper pulp, fertilizers, metal ores, cement, coal, and nuclear fuel particles. There
is evidence that suggests that the variety of suitable materials for pneumatic conveying is increas
ing continuously. This is due to more efficient conveying systems that are capable of handling larger
throughput and longer conveying distances.

Principle
The basic components of any pneumatic conveying system are:

• The transport pipeline.

• The gas mover. purpose including:

• The product feeder.

• Product/gas separator

• Control and instrumentation

(a) Positivepressure system [21] (b) Negativepressure system [21]

(c) Combined positivepressure and negativepressure system [21]

Figure 2.20: Pneumatic conveying systems

In Figure 2.20 some example setups can be seen of pneumatic systems. Pneumatic systems come
in positivepressure and negativepressure variants. The difference is whether the fluid pressure in
the conveying pipe is above or below atmospheric pressure. A negativepressure system can be fed
solids into the conveying line from several intakes and discharged at one exit. For a positivepressure
system the opposite is true, material is fed in one point and can be discharged to several locations. A
combination of negative and positive pressure systems is also possible. This creates the possibility to
have the product be collected at several points and delivered to several points.
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However, negativepressure conveying has a short distances limitation because of the limited pres
sure differential. This is at most 1 bar, because this is the difference between atmospheric pressure
and vacuum. That is why this type of conveying has not received a lot of attention in the literature.

Some of the main advantages and disadvantages of pneumatic transportation of bulk solids are
outlined in Table 2.3.

Advantages Disadvantages

The product is enclosed Particles need to be dry and freeflowing

Changes in flow direction are easy Not suited for friable materials

Space saving potential since pipe can be
above ground level

Oxidizing material needs an inert carrier medium

Automation is relatively easy Abrasive material will cause excessive wear

Table 2.3: Advantages and disadvantages of pneumatic conveying

Studies of pneumatic conveying
A study has been done about the prediction of pneumatic conveying behavior of large coal particles
using simulations and has been compared to experiments [46]. The simulations are carried out under
similar conditions to the experiment, the results show that the model is feasible for the prediction of
horizontal pneumatic conveying of large coal particles. Research has also been done using numerical
simulation to study the influence of particle shape and flow pattern on the fragmentation of large coal
particles in pneumatic conveying, the influence of swirl strength on the capture speed of particles was
studied using experiments, and the particle breaking process of large coal particles in pneumatic con
veying using different pipeline structures and swirl strengths was studied [47–49]. Simulations and ex
periments have been done to study the pneumatic suspension behavior of large irregular coal particles
[50, 51]. The suspension speed for different particle sizes and the influence of structural parameters
of 5–30 mm coal particle on injection performance has been studied.

These studies show that it is possible to pneumatically convey large coal particles under some
conditions. However, the maximum particle size of the coal that arrives at EMO is often an order of
magnitude larger than researched above, so there is still uncertainty regarding the behavior of these
particles.
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2.4.2. Hydraulic conveying
The hydraulic transport of particulate solids concerns two types of material. These are settling suspen
sions and nonsettling slurries. If the mixture has large and/or heavy particles (>40 µm), this forms a
settling suspension. If there is little turbulence in the fluid, the particles will quickly settle to the bot
tom. They will stay there or move along the bottom depending on the conditions. A nonsettling slurry
contains fine particles (<30 µm). Solids concentrations above 50% by weight are common. In these
conditions the particles do not really settle, so the suspension can be moved with laminar and turbulent
flow. Hydraulic transport systems can be divided into the following four steps:

• Particle preparation

– This often involves adjusting particle size and size distribution, so that requirements. Stan
dard methods such as crushing and grinding are used for this reason.

• Suspension preparation

– This is done by mixing the particles and the conveying liquid in an agitated vessel.

• Suspension conveying

– Most often the suspension is pumped through a pipe using one or more pumps in series.
If abrasive powders are transported, these are mixed into the liquid stream after passing
through the pump, so that there is no contact between the particles and the pump and thus
less wear.

• Solidsliquid separation

– A highconcentration, nonsettling slurry is often in its final form and can directly be used in
the next step of the process. An example is a superfine coalwater slurry used as fuel in
a power station burners. Settling suspensions require further treatment after transportation,
this includes particle classification and dewatering.

It is also illustrated in Figure 2.21. The cost of this type of transportation can be high, particularly
so when large particles are conveyed over long distances. In comparison, preparation and dewatering
costs are usually low.

Figure 2.21: Hydraulic conveying system [21]
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2.4.3. Mechanical conveying
Mechanical conveyors have a critical role in most bulk solids handling plants. They are among other
things used for transportation, feeding, and discharging of bulk solids. A crane with a grab is not
a conveyor since the transport of material is not continuous. There are many types of mechanical
conveyors, these are some of the categories:

• Belt conveyors, Figure 2.22a

• Screw conveyors, Figure 2.22b

• Bucket elevators, Figure 2.22c

• Chain conveyors, Figure 2.22d

• Vibratory conveyors, Figure 2.22e

For a particular situation, often multiple options of conveyors are possible. The choice is dependent
on parameters such as required capacity, distance, elevation, and many material properties such as
density, maximum particle size, abrasiveness, toxicity, and explosibility.

(a) Belt conveyor

(b) Screw conveyor (c) Bucket elevator

(d) Chain conveyor (e) Vibratory conveyor

Figure 2.22: Different types of conveyors [21]
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2.5. Stakeholder analysis
To better understand who is involved with the problem and in what way, a stakeholder analysis is done
using [52, 53]. It is investigated which people have what level of interest in the project and the amount
of power they have for specifically this project. This is then plotted in a diagram so that a distinction
can be made between the different groups of people. In Figure 2.23 the results of this are visible.

Figure 2.23: Stakeholder diagram

Satisfy
The head of ARBO and environmental regulations at EMO and the DCMR, the local environmental
agency, are concerned with the working conditions and environmental aspects of the project. If it
complies with the regulations these people will have little interaction. The EMO executives determine
the general course of EMO but have little interest in relatively small projects if these are not disruptive.
This group of people should be satisfied.

Engage
The supervisor of the project at EMO and the head of projects fall into this category. These people are
very interested in the project and closely attached. The manager of the operational department is also
involved in the project. This group of people should be engaged and be worked with.

Monitor
The group with low power and low interest consists of equipment suppliers, that can make/deliver a
new prototype. The master of bulk carriers that dock at the EMO terminal are only interested if the ship
is damaged, how well the hold is cleaned, and if the crew is disturbed. Local residents have complained
in the past about dust and noise nuisances, this is their interest in the project. For the EMO stevedores
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and other personnel are mostly only remotely connected to the project and have a low level of interest.
This group of people should be monitored.

Inform
The stevedore shift managers have earlier been involved with a similar project and are very interested
in the result of the project. Some of these people will also actively work with a new solution so this can
have a large influence on their work process. This group of people should be kept informed.

2.6. Conclusion
The question that this chapter has answered is the following: What is the problem with the current
unloading process at EMO and what is available in the literature?. It has been shown that after a large
grab has almost emptied the hold, some bulk material is stuck against the walls of the hold. To gain
access, first the stairs have to be cleanedmanually. After that, an excavator with a steel brush is used to
remove the material from the walls, but this can cause damage. This whole process can be dangerous
for the people involved, and it is timeintensive.

No specific literature has been found regarding the cleaning of the hold of bulk carriers, but other
relevant topics have been analyzed containing information about the properties of bulk materials, silo
discharge aids, and bulk material conveying methods. This showed materialrelated hazards, why not
all material is freeflowing, how it can be made to flow, and how it could be transported from a hold.
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3
State of the art of cleaning

This chapter will investigate what commercial solutions are available and what kind of equipment has
already been tried at EMO.

3.1. Available cleaning products
This section will look at the commercially available products that are designed to be used, or could
potentially be used, to clean bulk carrier holds.

3.1.1. Water gun
A longdistance water gun on a tripod is a commercially available solution, see Figure 3.1. It is built
from stainless steel and is fastened to a swivel connection on a tripod [54, 55]. It uses the normal
suppression pump on the fireline, and working airline on board. The recommended water pressure is
6 bar, the recommended air pressure is 7 bar. The estimated water consumption is 454 l/m and the
estimated air consumption is 33 l/s, this is a very high volume solution. The water hose size is 51mm
and the air hose size is 20 mm. The weight is 14.5 kg. At the maximum working distance of 30 meters,
the force of the water on the surface being cleaned is around 10 kg. The air valve is adjusted in such
a way to produce a tight hard jet of water. Too much air will cause the jet of water to break and spread.

This type of product is also available from other manufacturers [56, 57]

Figure 3.1: Wilhelmsen Unitor Tornado 3 cargo hold cleaning jet [54]
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3.1.2. Water lance
A way to get closer to the surface is to use a dedicated pump and a long lance, see Figure 3.2a and
3.2b respectively. The pump has a heavyduty stainless steel frame for protection and it enables lifting
[58]. The machine is designed for 24 hours operations. The electrically driven 3cylinder inline plunger
pump runs 1720 rpm. This makes it relatively quiet. The pump system can go pressureless by going
into standby operation by closing the trigger gun. It has a filter to protect the pump from dirty water. It
weighs 154 kg. The feed water pressure can be between 2 and 8 bar using a hose of minimal 20 mm.
The water flow rate is 17 l/m and the working pressure is 500 bar.

There are multiple lance kits for different size ships available, but the maximum height is 20m [59].
According to the manufacturer it is designed for cargo hold cleaning and removal of stains in high areas.
It is made of aluminum so it is lightweight. It includes rope and pulleys so it can be attached to the deck
of the ship and lifted or lowered that way.

(a) Wilhelmsen Unitor HPC Extreme 520 pump [58] (b) Wilhelmsen Unitor HPCE Anaconda lance kit [59]

Figure 3.2: Products from Wilhelmsen for cleaning holds

This type of product is also available from other manufacturers [60–62]. A different style of lance is
available where it rides on the wall with wheels without being lifted by ropes, see figure 3.3.

Figure 3.3: Products from Navadan for cleaning holds [60]
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3.1.3. Wall riding robot
A new product is a robot that uses magnetic treads to stick to the wall surface and ride on it, see Figure
3.4. Four highpressure nozzles are attached to it each applying 190 bars with 12 l/min per nozzle
[63, 64]. The arm to which the nozzles are attached can also be rotated to the side of the robot. The
robot is connected to a highpressure pump that is placed on the deck, which in turn is connected to
the remote control in the hands of the operator in the cargo hold. It is functional for vertical surfaces
with an angle up to 60° from vertical (150° from horizontal). It fits between the side shell frames and
other large flat surfaces. It is not possible to use the robot on stairs. The problem with this device is
that the surface on which it rides needs to be clean, so that it has enough grip and does not fall off. It
is also secured by a cable so that if it loses contact with the wall surface, it does not fall to the ground.

(a) Cliin robot [65] (b) Cliin robot on the wall [63]

Figure 3.4: Robot from Cliin for cleaning holds

This product is also offered in different implementations [66, 67], see Figure 3.5. One model for
example uses wheels instead of treads, the nozzles are not angled forward, but they are also mounted
onto a swiveling arm and it can also ride on surfaces of up to 60°. It weighs 75 kg and can clean a
width of 1.2 m.

(a) Vertidrive robot on the ground (b) Vertidrive robot on the wall [63]

Figure 3.5: Robot from Vertidrive for cleaning holds [66]
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3.1.4. Pneumatic ship unloader
Another possible option is a pneumatic ship unloader, see Figure 3.6 [68]. The unloading capacity is
up to 230 tons per hour. It is possible to have all the equipment for unloading and discharging on one
roadmobile semitrailer. However, it is available in different types: roadmobile, dockmobile, barge
mounted, gantrymounted and stationary. The suction arm has 4 sections for good reach in the hold.
This system would have trouble accessing partly enclosed stairs and it could be a challenge to steer
the suction arm to the sides of the hold so suck the coal from the walls. Cohesive coal is also a difficult
material to transport pneumatically.

(a) Trailer emptying a hold (b) Roadmobile trailer

Figure 3.6: Pneumatic roadmobile ship unloader from Van Aalst [68]

This type of product is also available from other manufacturers [69–71]. These include machines
that can be placed on deck with a footprint of 2.5m, see Figure 3.7 [72].

Figure 3.7: Vigan pneumatic unloader [72]
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3.1.5. Excavator with highpressure air/water gun
A small company has developed a highpressure washer system that is mounted on an excavator that
has two 500 l water tanks, see Figure 3.8 [73]. A lowpressure water pump is used for dust suppression
and a highpressure water pump is used for cleaning. It uses a mixture of air and water for cleaning,
so that less water is used. For this, an air compressor of 25 m3/min is also present. It also pulsates the
water/air output and supports different nozzle configurations. Depending on the arm of the excavator,
it can go up to heights of 24 m. It can use an Autec remote control mode so that the operator does not
need to be in the cabin.

(a) [74] (b) [73]

Figure 3.8: Highpressure jet from The Big Smile B.V.

The following products are not designed for the cleaning of a bulk carrier hold, but are still included
for their principle and possible alteration and implementation.

3.1.6. Explosive cleaning
Explosives are used to clean boilers, smelters, and other tanks [75]. This is done by using a lance to
place explosive charges in the boiler, see Figure 3.9. These are then detonated in a controlled way, so
that residue is removed. This is not normally used for (relatively) open spaces such as a bulk carrier
hold, it is unknown if this would work in this situation.

Figure 3.9: Explosive cleaning [76]
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3.1.7. Air cannon
Air cannons or air jets are often used as a discharge aid in silos, and they are available from many
manufacturers [77–82]. They consist of a highpressure tank pressurized up to 10 bar, a quickopening
valve, and a fill line, see also Figure 3.10. Some advertise high discharge strength from the highvelocity
output with low air volume, while others say that large volumes of air with a lower peak force work better
at dislodging material. A high peak force would be beneficial when the buildup is very hard, so that
it can be blasted away. For softer materials however, the high peak force can penetrate through the
material leaving a hole behind while not removing much buildup. It is also possible to mount different
nozzle types that have different flow types. Some have a concentrated blast while others cover a larger
area with less force.

(a) Air cannon product photo (b) Air cannons installed

Figure 3.10: An air cannon used for silos [77]
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3.1.8. Vibrator
Many different types of vibrators are available [83–87]. However most (if not all) of these vibrators are
designed for use on hoppers, trucks, or railcars, see for example Figure 3.11a and they are meant to
be mechanically fixed to the surface that needs to be vibrated. Since this is not possible for cleaning
holds and they can not be just pushed against the wall, there are 2 other options. Temporarily fix the
vibrator to the wall with for example electromagnets, or use vibrators that are not meant to be fixed
to the surface that needs to be vibrated, for example a hydraulic compactor for soil compaction, see
Figure 3.11b.

(a) [83] (b) [88]

Figure 3.11: Electric and hydraulic vibrators

3.1.9. Ultrahighpressure water jetting
Highpressure washers are widely available in different configurations [89–92]. These can be run on
electricity and by diesel engine, see Figure 3.12, are mobile or stationary, can use different nozzles,
and have a wide range of operating pressures and flow volumes. These can be operated by hand or
mounted to a machine.

Figure 3.12: Electric and diesel engine driven highpressure water blasters [91]
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3.2. Previous tests at EMO
This section outlines the previous experiments that have been done by EMO to investigate better meth
ods and equipment to clean a hold.

3.2.1. Hydraulic hammer
An excavator with a hydraulic hammer that is normally used to break concrete was outfitted with a flat
plate instead of a chisel. This is then placed against the walls and vibrated to loosen the coal. The
noise level was so high that noise complaints were made in Oostvoorne, a neighboring residential area.
Also, sounding pipes and stairs came loose and dents were made in the walls. However, this was a
very fast method and was easy to use.

3.2.2. Vibration plate tamper
A plate tamper that is used to compact soil is mounted on an excavator. A rubber mat is fastened to the
surface to prevent damage to the ship which mostly worked. However, the use of the machine in the
rearmost hold next to the engine room resulted in damage to the instruments present there. And since
the machine is made to operate horizontally and it was used vertically, the lubrication of the engine
did not work correctly. This necessitated breaks in operation otherwise the engine would run dry and
fail. Also, the rubber mat got too warm during use, which caused it to fail. The speed was reasonable,
but not fast enough for the operator. This caused them to angle the tamper so that the bare metal
edge of the vibration plate contacted the hold wall. This was done because this metalonmetal contact
improved the speed of cleaning. However, this also damaged the internal rubber of the machine and
the wall.

3.2.3. Vibration needles
Vibrating needles that are normally used to remove air bubbles from poured concrete are mounted on
an excavator, see Figure 3.13. This did not damage the ship, only if the needles were placed directly
against a sounding pipe if the coal was very sticky. They are relatively fragile and broke when people
did not place them only in the coal, but also pushed them against the wall of the ship. This was done
since this caused the cleaning to go quicker, because the vibration is sent into the wall. It worked well
for stairs and inspection ladders, but less for the shell frames.

Figure 3.13: Vibrating needles

3.2.4. Air cannon
The details are not clear, but it worked by releasing compressed air. The pressure wave of this caused
the window of the machine in the hold to break. It was also not good at cleaning the coal. The noise
level was very high and it caused a lot of dust to be airborne.
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3.2.5. Water hose
It has been tried to use a water hose from an articulated aerial lift. This used the standard water line
pressure of around 7 bar and a hose of 50 mm. This used too much water causing the coal to get too
contaminated with water, very roughly 50 m3/hour

3.2.6. Narrow excavator bucket
Two types of narrow buckets have been used to clean the walls, see Figure 3.14a and 3.14b. This
worked reasonably well, but there was residue that remained. Also, the operators used the bucket to
hit the walls so the vibration caused the coal to fall, which causes damage to the ship. This was not
suitable for cleaning stairs. For some areas in the corner another tool was necessary, see Figure 3.14c.
This was able to tilt so that it could be used to scrape the material off the plates.

(a) A narrow excavator bucket (b) A scraper with a different shape but the same width

(c) A rotating scraper for corners

Figure 3.14: Various metal scrapers
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3.3. Conclusion
The question that this chapter has answered is the following: What is the state of the art regarding
cleaning in general and at EMO? Cleaning equipment consisting of low and highpressure water sys
tems, which are used from far away or very close, highpressure air systems, pneumatic unloaders,
and vibrators have been shown.

Further, the tests of EMO have been shown which include vibrations by using a hydraulic hammer,
a plate tamper, and vibrating needles. Also, an air cannon, lowpressure water hose, and various
mechanical buckets and scrapers have been tested.
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System analysis

In this chapter, the system in which the solution operates will be analyzed. Then the functions that the
new solution should fulfill are investigated. Finally, from this follow the functional specifications and the
design requirements that will be used to determine the best concepts.

4.1. Conditions
The conditions of the system are explained here. This includes the standard of cleaning, damage
levels, safety aspects, and the speed of cleaning.

4.1.1. Cleaning standard
There are multiple standards for cleaning holds, these are listed below [93, 94].

• Hospital clean

• Grain clean

• Normal clean

• Shovel clean

• Load on top

Hospital clean is the highest standard, it requires the paint of all surfaces to be intact and all surfaces
to be clean.

Grain clean is a very common requirement, the hold should be clean, swept, and washed with fresh
water. It should also be free of insects, odor, and any loose material or paint.

Normal clean only requires the holds to be swept and free from residue from the previous cargo.
Washing the hold is optional and depends on the requirements.

Shovel clean means that a shovel (hand shovel or front loader) is used to remove the material and
possibly a rough sweep is done. No washing is required and material may remain.

Load on top is described by the name, new cargo is loaded on the old cargo. No cleaning is
necessary.

The regulations for vessels that EMO has defined their cleaning process as “bulldozer clean holds”
with added “EMO is not obliged to remove cargo residues or sweeping the holds”. This corresponds
mostly to the “shovel clean” standard defined above, except for the action of sweeping the hold.

The new cleaning method should be at least shovel clean by removing most material from the walls.
Since EMO has not expressed plans about increasing the cleaning standard, removing all residue of the
previous cargo is optional. However, it has happened in the past that the crew of the vessel continued
cleaning a hold after EMO was done so that later a front loader needed to be lifted back into the hold to
remove the extra removed cargo. If the walls are cleaned to such a degree that the crew using a hand
shovel is not necessary, it will have time and image benefits for EMO.
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4.1.2. Damage costs
There are many cases where damage has been done to the ship during unloading and cleaning. The
incidents where significant damage has been done to the ship between 112020 and 172021 have
been analyzed. This was 127 cases total, where 71 were caused by grab movement and 56 by the CAT
966 front loader or the CAT 329 excavator. In some cases it is not clear if the damage is caused by the
grab or by the machines in the hold, in these cases an educated guess is made. The damages caused
by the front loader and excavator were further categorized. This results in 36 cases of damage to stairs
or ladders, 16 cases where sounding pipes are damaged, 2 cases of scratches on the walls and/or
floor in the hold, 5 cases of dents in the walls and/or floor in the hold, and 16 cases of other assorted
damage. This is illustrated in Figure 4.1. It should be noted that these numbers include damage done
by the front loader which is not responsible for cleaning the walls of the hold, only the floor, because
these were impossible to separate.

Figure 4.1: Number of instances of damage in different categories

The costs of these damages are shown in Table 4.1. The total costs are all the costs associated with
these damages, the reserved costs are costs that have only been reserved but these are not the final
paid price. The paid costs are the costs that have actually been paid. It can be seen that most of the
incurred damages are caused by the grab movements and not the CAT machines.

Machines Grab

Total costs €68,282.00 €381,297.00

Reserved costs €31,650.00 €160,074.00

Paid costs €36,632.00 €221,223.00

Table 4.1: The costs of the damages to ships by the machines in the hold and by the grab

It would be financially attractive and better for the reputation of EMO if less damagewas done to ships.
In at least one case the master of the ship has asked to stop using the excavator for cleaning the side
shell frames because of damage done to the ship. Internally at EMO it is known that most damages
are caused by the carelessness and attitude of the stevedores. The brush used on the excavator is
also improperly used. This consists of beating the hold with the brush and using it too long such that
the steel brush wires are almost completely gone.

The amount of damage caused is lower for larger unloading volumes. This matches what is said
by EMO personnel, that it is more difficult to unload smaller ships because the grabs that EMO uses
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are very large and thus come into contact with the side of the hold more often. There is also a shift
in the size of the ships that dock at EMO for unloading, see Table 4.2 and Figure 4.2. The number
of Capesize vessels has dropped sharply from around 200 to 50. The number of Panamax vessels
is not very constant but it shows a trend that is increasing. The other categories have relatively few
ships that dock every year, but the number of Handysize ships also seems to be increasing. This trend
towards smaller ships is part of the reason that it is necessary to reduce the damage done to ships
during unloading.

Year Capesize Panamax Handymax Handysize Coaster Total

2011 250 50 4 3 0 307

2012 180 99 3 2 0 284

2013 204 108 3 7 3 322

2014 194 108 1 11 0 314

2015 188 119 1 7 0 315

2016 157 97 1 2 0 257

2017 117 155 3 1 0 276

2018 94 178 10 10 7 292

2019 73 168 11 14 7 266

2020 47 130 3 14 0 194

Table 4.2: The number of ships that have docked at EMO for unloading every year

Figure 4.2: The number of ships of different sizes that have docked at EMO for unloading every year

Report number: 2021.MME.8610



46 4. System analysis

Figure 4.3 is a graph is that shows how many tonnes are unloaded at the EMO quay every year, this
is expressed in million tonnes. This data is overlaid on the number of ships that dock at the EMO quay
in Figure 4.4. It can be seen that the data seems consistent.

Figure 4.3: The number of tonnes that is unloaded at the EMO quay every year

Figure 4.4: The number of ships and the number of tonnes unloaded at the EMO quay every year
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4.1.3. Safety incidents
To improve the safety of the unloading process and measure the difference, a reference needs to be
established. To that end are in Table 4.3 the reported safety incidents at EMO between 112020 and 1
72021 with regards to unloading ships. They are divided into two categories, solvable and not directly
solvable by a new solution. The number of occurrences is listed and each type of incident is given a
severity score from 1 to 5. 1 corresponds to very mild potential harm, and 5 is very serious probable
harm. The number of occurrences is multiplied by the severity to create a danger score. When these
are added together it is clear that most incidents could be prevented. This can be done by not needing
hand tools, not descending into the hold, and the remote operation of front loaders in the hold.

A new solution can not be instantly be measured to be safer, but if certain incidents can not happen
anymore, there is an improvement.

# of occurrences Severity (15) Danger score

Solvable

Bad stairs/ladder in hold 2 3 6

Hit in the face by a reek in hold 1 2 2

Hit occupied front loader with grab 2 5 10

Handtool not fastened to front loader during lifting 1 2 2

Crane not put in safe mode for lifting front loader 2 3 6

Front loader not secured for lifting 1 4 4

30

Not directly solvable

Fall on board (deck) 1 2 2

Open hatch in the kway on deck 1 4 4

Crane in auto dragged hose coupling against person 1 2 2

8

Table 4.3: The safety incidents during the cleaning procedure

4.1.4. Hold cleaning speed
As discussed in Section 2.1 a CAT 329 excavator is used to clear the sides of the hold and a CAT 966
front loader is used to move the cargo on the floor to a central location such that the grab can unload it.
In Figure 4.5 the number of emptied holds per month is plotted. This is done from November 2019 to
November 2020 for the 2 different machines types, the different startpoints and endpoints are present
because this was the data available at EMO. It can be seen that the excavator is used in fewer holds
than the front loader. This is because the excavator is not needed for every hold, since there are cargo
types that are freeflowing so the walls do not need to be cleaned.

In Figure 4.6 the run hours per hold of the previously discussed machines are plotted. It can be seen
that April and August seem to be outliers, for the rest of the data points the run hours are comparable
between machines types. The average number of run hours per hold is 3.0 for the front loader and 2.5
hours for the excavator.
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Figure 4.5: Holds emptied per month by front loaders and excavators from 2019 till 2020

Figure 4.6: Run hours of front loaders and excavators per hold averaged per month from 2019 till 2020

It would be good if the new solution is faster than the current way of operations, so 2.5 hours for the
cleaning equipment. However, this can not be an exact comparison for a few reasons. The run hours
do not denote the time that the machine is actually used, it can also just be turned on but stationary.
Also, the process of cleaning the stairs with water hoses sometimes starts when the grab is still halfway
in the hold and is finished when the hold is nearly empty. Other times the stairs are cleaned when the
hold is already nearly empty, so that not all operations run in parallel which means longer cleaning
times. The most important note is that not all cargo is the same. Some cargo is freeflowing and the
final stage of emptying takes just 30 minutes according to stevedores at EMO, but when it is very sticky
it can take 6 to 8 hours.
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4.1.5. Physical constraints
The physical boundaries and space of the system are important aspects of a possible solution, so that
is analyzed in this section. See Figure 4.7 for a schematic image of the inside of a hold.

(a) Isometric hold schematic [15]

(b) Crosssection hold schematic [95]

Figure 4.7: Schematic image of a cargo hold
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The required reach in the hold of a generic Capesize vessel is shown in Figure 4.8 (the truck is
for illustrative purposes only). There are also smaller vessels that dock at the EMO terminal, but the
solution should be able to service the largest ships. These have a hold that is approximately 25 m high
and 45 m wide.

Figure 4.8: The hold dimensions of a general Capesize bulk carrier [17]

The maximum air draft from the water level to the top of the hatch cover is 19.5 m, this is the height
that the grab can clear. The distance between the bottom of the grab and the hopper where the material
is deposited is 7.1 m, this is the space where equipment is lifted attached to the grab from quay to ship
and vice versa. However, if the grab is decoupled, this space is increased significantly. The hatch size
of ships differs, but for a Capesize vessel a typical hatch is around 15 m x 15 m [96]. A Panamax vessel
has hatches that are 16 m x 13 m and a Handymax 17 m x 17 m. Figure 4.9 shows a schematic of a
typical ship.

Figure 4.9: The schematic of a Capesize bulk carrier and its hatches [96]
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The space on deck is limited, in Figure 4.10a and Figure 4.10b the space between holds can be
seen. The distance between holds is a few meters, but there are often various parts of the ship present
on deck so there is little free space. In Figure 4.10c the space between the holds and the side of the
ship is visible, here are a few meters of width available and approximately double that in length. In
Figure 4.10d the space on the quay is shown. There is very little space between the quay edge and
the crane that rides on the tracks. Behind the tracks are four belt conveyors, behind those is a material
storage area, and behind that are the other tracks for the crane. The distance from the quay edge to
the material storage area behind the conveyors is approximately 15 m.

(a) Space on the deck of a bulk carrier between holds (b) Space on the deck of a bulk carrier between holds

(c) Space on the deck of a bulk carrier between the hold and the railing (d) Space on the quay

Figure 4.10: Space for equipment at various locations
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4.2. Functional specifications
The solution needs to be able to be placed in the correct location for operation, and reach the places
in the hold where cleaning is required. It of course also needs to be able to clean the hold by removing
the material from every possible location in the hold. This can mean that the material falls onto the
floor of the hold and is moved together by a front loader so the grab can transport it out of the hold.
These are the functions that the solution needs to fulfill, the conditions for which have been explained
earlier in this chapter. These functions are represented in the following functional specifications. They
are split into a required section, a recommended section, and an optional section.

Requirements

• No excessive noise

• No internal damage to the ship by vibration

• No excessive damage to the hold

• No dust generation above the limit

• No excessive contamination by water

• Works on all ships

• Cleans every location in the hold e.g. stairs, corners, behind pipes, and high places

• Safe to use

• As fast as current cleaning process

• Possible to automate

Recommended

• No damage to the hold

• Not impeding crane riding action

• Not impeding crane unloading action

• Faster than current cleaning process

• Cleans the hold such that ship personnel do not “afterclean” the hold

• No personnel needed to clean stairs

• No personnel in the hold to operate machines

• Not quickly damaged by (improper) use

Optional

• No people needed in the hold

• Not needed for personnel to haul/handle heavy equipment

• Quick to learn how to use

• Not expensive
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4.3. Design requirements
The functional requirements of the last section are used to directly create the following design guide
lines. These guidelines are more practical and where possible have been given a numeric value so
they can be used directly in the design process in Chapter 5. The same required, recommended and
optional sections are used again.

Required

• The noise level of the equipment and cleaning process needs to be below 100 dB.

• (if applicable) Vibration levels such that other parts of the ship do not undergo damage.

• No scratches/dents/other damage to the hold due to hard contact between the ship and cleaning
equipment such that financial compensation is necessary.

• (if applicable) An airflow rate below 5 m3/min at 10 bar minimizing dust generation.

• (if applicable) A waterflow rate below 30 l/min to minimize contamination of the cargo and increase
running time using a water tank.

• The size and function of the equipment are such that the equipment can be placed at a location
(e.g. in the hold, on deck) where it is functional in cleaning the hold (for every ship).

• A reach of 20 m vertically and 3m horizontally to reach the entire hold with the cleaning equipment
inside the hold. A reach of 25 m vertically and 35 m horizontally to reach the entire hold with the
cleaning equipment on deck. If the equipment is outside and further away, this distance needs to
be added to the distance needed if the equipment is on deck.

• The equipment does not create dangerous situations for personnel.

• Able to clean a hold in 3 hours on average.

• Can be automated such that no people have to be in the hold.

Recommended

• No scratches/dents/other damage to the hold and ship at all.

• The equipment is located such that crane operations such as riding and unloading are not hin
dered.

• The cleaning method is quick, able to clean a hold in 2 hours or less on average.

• Cleaning removes all material from the walls (follows “normal clean” standard).

• Can clean the stairs completely.

• Completely remotecontrolled (or automated), no people needed at all in the hold.

• The equipment is very (physically) robust.

Optional

• Remote controlled equipment, (if applicable) remotely detachable.

• (if applicable) No water/air/power/etc connection to shore, everything is attached to the equip
ment.

• The equipment is simple, with not many complicated components.

• The initial cost is low, less than €20.000,.
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4.4. Conclusion
The question that this chapter has answered is the following: What is the system and its conditions in
which the solution operates? The cleaning standard has been defined, as well as the damage costs of
cleaning holds. The safety incidents associated with the cleaning have been analyzed, and the current
speed of cleaning and physical constraints are detailed.

After that, the functional specifications of the concepts have been shown, and from this the design
requirements were created, which are all split into requirements, recommendations, and optional points.
The points include requirements among other things for noise, damage, size, speed, and safety.
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In this chapter, the different design concept components will be scored to determine the best ones.
These will be further analyzed so that one complete final concept remains with the most potential.
Finally, a rudimentary design will be made and the steps towards automation are detailed.

5.1. Concept scoring
From all the information in the previous chapters several concepts for cleaning (and known equipment)
are selected for scoring using a multicriteria analysis, see Figure 5.1. This includes using lowpressure
water, highpressure water, highpressure air, and a combination of highpressure air and water. Vi
bration needles and a vibration plate are also included. An air cannon, sound horn, aeration nozzles,
explosives, and pneumatic and hydraulic transport are also scored. Finally, a large type of brush is
also included.

These options are scored in 3 categories: Safety & environment, damage, and costs & speed. The
first category includes the noise level, the risk they impose on the people nearby, the possible caused
dust pollution by the cargo. The second includes the damage done to the hold, the damage done to
the rest of the ship, and the pollution of the cargo by water. The last category includes the initial cost,
the robustness of the solution, the cleaning performance, the cleaning speed, and how feasible the
solution is. These are all given a weight depending on their importance. The concepts are scored from
1 to 5, where 5 is the best score. The category score is multiplied by the category weight and all the
points for a concept are added, giving a ranking. Three people have independently given their own
ranking, this is shown in the last columns denoted by the 2 initial letters of their names. The people
are the author of this thesis, the EMO supervisor, and a senior stevedore. These people are selected
to have a variety of experience and different insights.

Figure 5.1: Scores of the different cleaning concepts
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The concepts for the reaching function include fixing it to the quay crane, a pump truck used for
concrete on the quay, an extra ship with a crane and fixing it to that, using a CAT329 in the hold, putting
a platform lift in the hold, using a magnetic wall riding vehicle, hanging it from (a machine on) the ship
deck, handheld, and an allterrain vehicle that is constantly riding next to the wall as the hold is being
dug out.

For the concepts of the reaching function, see Figure 5.2 a very similar scoring procedure is done,
the difference is only in the scoring categories. These are: Reach & control, operations, and costs &
speed. The first category includes how far it can reach in the hold, the ease of reaching into the hold,
and the ease of control of the equipment. The second includes the impedance posed to the crane
and if it would be easy to be made remote controlled. The last category includes the initial cost, the
robustness of the solution, the cleaning and positioning speed, and how feasible the solution is.

Figure 5.2: Scores of the different reaching concepts

5.2. Final concept selection
The concepts with the highest scores in the previous section are a lowpressure washer, air compres
sor, a highpressure air/water combination, and a highpressure washer. For the reach function, the
highestscoring concepts are the CAT 329 excavator and a platform (scissor) lift. These concepts will
be analyzed further to choose the best for the final design.

At the moment EMO already uses a lowpressure washer. This is a water line that runs along the
quay at a pressure of around 7 bar. Hoses are connected to this pipe and run to the deck of the bulk
carrier so they can be used to manually hose down the stairs to the hold, also mentioned in section2.1.
The process of cleaning one set of stairs takes about an hour and in this time 50 m3 water is used
according to EMO personnel. This amount of water can already be problematic if it is not distributed
over a large amount of cargo because then it is too wet. A very conservative estimate about how much
water cleaning the entire hold this way would take, based on the estimated volume of cargo on the
stairs and the rest of the walls, is 500 m3 of water. This volume is simply too large to maintain the
quality of the cargo, so this concept can not be used.

Air compressors are used for smallscale, light cleaning, but no applications of heavyduty cleaning
were found. Abrasives are added to deliver more impact and remove surface contaminants. Very
abrasive methods use metal shot, or sand [97]. Fairly abrasive methods use glass beads, plastic or
organic material such as walnut shells. Mildly abrasive methods use baking soda and dry ice. However,
all these methods use an extra material that would contaminate the cargo if used in a hold, which is not
acceptable. It might be possible to use the cargo (at least a very similar material) as the abrasive so
that no contamination occurs, but this requires further study. A typical worksite compressor can deliver
20 m3/min at 14 bar [98], which is probably not powerful enough to blast away coal at a distance. The
high airflow also creates much dust which would have to be captured by using water mist from fine
nozzles. As shown earlier in section 3.1 a device exists which uses mostly high pressure pulsing air, to
improve the impact and thus the cleaning, with some water mixed in [73]. However, from a video clip
it seems that the working distance from nozzle to material is not very large, less than a meter, and it
took multiple years to create the pulsing mechanism. So the concept of using an air compressor does
not seem very effective and is thus not used further.
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The advantages of using both water and air under high pressure in a system that combines them
and shoots it out of a nozzle, are that it uses less water than a pure water system. This has the effect
that with the same volume of water, the cleaning time and surface area are increased. It also means
that less water will be mixed into the cargo which is good. However, an exhaustive search for available
commercial products that combine highpressure water and airflow did not turn up any options. Also in
the literature there were not any results found of this application. There is also a lot of variability in how
the waterflow and airflow can be combined before ejection from the nozzle. The way this combination of
flow happens and the geometry from the combination point to the nozzle probably has a large influence
on the characteristics of the resulting jet. For example the ratio of water to air, the jet shape, the size of
air bubbles in the water, the size of water droplets in the air. If such a system is to be designed, since
it does not seem to exist yet, this requires thorough study that is beyond the scope of this assignment.
For these reasons it is decided that this concept will not be used for the final concept design. However,
it has potential and should be investigated.

A highpressure water jet is similar to a lowpressure water system with some differences. It also
uses water, but only around 1525 l/min, which is around 1 m3 of water per hour instead of 50. It can
work with less water since the pressure is much higher and a nozzle is used to create a concentrated
water jet. The high pressure is created by a highpressure pump that can easily create pressures
of 250 bar and higher is also possible. It is possible to experiment with the water pressure and the
nozzle type to find the combination that works best at removing coal. Highpressure cleaning is a well
established technique and so parts and equipment are widely available. The disadvantages are that
a highpressure pump is loud, but not above the allowed noise levels. Also, there is a possibility of
damaging the paint on the walls due to a too powerful water jet. However, this can be prevented by
testing what a safe distance/pressure/nozzle combination is so that no damage is done.

A scissor lift has a personnel basket at the end since it is made to place people at a certain height.
Since the goal is to make an automated system, a person doing the cleaning from a scissor lift is not
going to happen. Instead a jet system, if that is air, lowpressure water or highpressure water does not
really matter, needs to be mounted to the basket. This basket is not designed for maneuverability, so
a system would need to be designed that can direct the jet at different places on the wall in the hold.
It can also lift only a few hundred kilograms which could be a problem if heavy equipment would be
needed such as a compressor, pump, or water tank. The wheels are rather small and would be difficult
to drive over the remaining material on the floor, so the hold floor would need to be quite clean before
emptying the side shell frames, which would again deposit material on the floor. To automate this type
of machine a lot of work would be required. There are some scissor lifts that are remotecontrolled, but
this system would need to be unified with the movement system of the jet.

The CAT 329 excavators that EMO already uses to clean holds are the other option. The end of the
arm has large maneuverability and can reach every part of the wall in the hold. So if the jet system is
mounted to the end this would be ready to go regarding movement. It rides on large tracks so there is
no problem with driving over some remaining cargo on the floor. It has ballast on the back which could
be replaced by the required heavy equipment, and since it is designed to dig and undergo large forces,
some reaction force from a jet on the end of the arm is not a problem. Regarding automation, there
are remotecontrolled excavators available, and the only other part that needs to be controlled would
be the cleaning system.

A lowpressure water system uses too much water, a highpressure air systems has not enough
power. A system that combines water and air has potential but requires more study, so the best cleaning
option at this moment is a highpressure water system.

The mobility, availability, and the more easy way of automation of the excavator with respect to the
scissor lift make this the final choice.
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5.3. Final concept design
In this section a conceptual design will be shown of the chosen solution. It contains specification
guidelines and steps towards making an automated design.

5.3.1. Schematic design & specifications
The design includes a highpressure pump of at least 200 bar, this can be adjusted according to the
results of the experiments. For now, a pump unit is shown that has a working pressure of 1000 bar
[91]. It has its own water tank of 50 L and weighs approximately 750 Kg. A water tank of at least 1 m3

is also present. In Figure 5.3 various views of the design are shown, including 2 water tanks of 1 m3 to
show the size. This could be 1 tank of a custom size. The width of the CAT 329 is a little over 3 m [99],
the water tanks 1 x 1 m, and the pump (L x W x H) 1.5 x 1 x 1.2 m so the design is roughly to scale.
The tank and pump are mounted on the back of the excavator.

(a) Top view. Original image from [99]

(b) Left side view. Note: Pictured is not the exact same type of excavator. Original image from
[100]

(c) Right side view. Note 1: To obtain a right side view, the left side view image of the excavator is
mirrored. Note 2: Pictured is not the exact same type of excavator. Original image from [100]

Figure 5.3: Views of the design of an excavator with water tank and highpressure pump equipment
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The tank and pump can be placed here by removing the counterweight that is normally present on
the machine, see Figure 5.4. In its place a platform is constructed that can hold the tank and pump.
The counterweight of a similar excavator weighs 4600 kg [99]. So a maximum weight of 2 tonnes of
water, a pump of 800 kg, and a supporting frame of roughly 200 kg is only 3 tonnes, a significantly lower
weight. This further decreases when the water tank is empty, then only 1 tonne will be present. This
can be supplemented by adding extra material to increase the weight, however the cleaning attachment
should not experience large loads so such a large counterweight might not be necessary.

Figure 5.4: Removal of the counterweight on an excavator [101]

Hoses are run from the water tank to the pump and from there to the boom, arm, and finally to the
attachment. Also, a discharge valve is mounted to start and stop the flow. Filters are placed between
the tank and pump so that if the “working water” of EMO is used, the particles are prevented from
entering the pump system so that no clogs and/or damage is caused.
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Coupling mechanism
There are multiple coupling mechanisms for attaching attachments. The mechanism that EMO uses
on its machines can be seen in Figure 5.5. Figure 5.5a shows the coupler that is mounted on the arm
of the excavator and Figure 5.5b shows a bracket that has the correct shape for the coupling. The
coupler uses a hydraulic wedge to lock the bracket in place. Figure 5.5c shows a tilt coupler. That type
of coupler can also tilt the attachment, which could be useful while cleaning a hold. This negates the
need for making a system that moves only the nozzles, because the whole attachment can also rotate
sideways.

(a) CAT CW type coupler [102] (b) CAT CW type bracket [103]

(c) CAT tilt coupler. Note: this is another type of coupling mechanism not compatible with the other
images [104]

Figure 5.5: Coupling interface used by EMO on their CAT equipment and a hydraulic tilt coupler
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Cleaning attachment
The attachment is a piece of steel on which at least 1 nozzle is mounted that is connected to the pump,
see Figure 5.6 for a prototype design. The pipe and nozzles are placed on the underside of an HEB
200 wide flange beam so that when it is used in a hold and large pieces of bulk material fall, the water
pipe and nozzle are not damaged. Also, when it is set on the ground, the geometry prevents contact
between the nozzle and the ground so that it will not be damaged. At the tip of the attachment the pipe
bifurcates so that multiple nozzles can be mounted. The other end is only a steel plate for now, so that
a coupling mechanism can be attached to it.

Figure 5.6: Drawing of a concept design of the cleaning attachment
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Water hammer
Water hammer is a pressure spike that can occur in many systems that has abrupt changes in the flow,
often caused by pump starts and stops, or the opening and closing of valves [105]. These pressure
spikes cause the flowing water column to undergo a sudden momentum change. This produces a
shock wave that can cause physical damage to the system. This is why in large systems with high
water pressures, it is procedure to start the pump while the discharge valve is closed. When the pump
is at full speed, slowly the valve is opened starting the flow. Before the pump is stopped, the valve is
closed. Starting and stopping a pump against a closed discharge valve and opening & closing it slowly
will curb water hammer. Variable frequency drive (VFD) control is nowadays also used to stop water
hammer. This is done by using the VFD control to slowly start and stop the motor and thus the pump.
An alternative is to install water hammer arrestors. These are airfilled cylinders that absorb the shock
of a sharp water pressure increase.

Added air
Adding air to a water jet has not been found to be in use beyond what was discussed in Chapter 3
regarding a system that uses a combination of a pulsating air and water jet [73]. Air is also used with
a water gun on the floor of a hold that uses standard pressure water lines. The air pressure helps
reach the high parts of the hold. However, in the current design a highpressure pump is present, so
using extra air is not necessary. Such a system also uses a large volume of water, so the air does not
appear to save water. This is why adding air to the water is not investigated at this time. There are also
many variables when designing and testing such a system, however it presents possibilities for further
research.

Report number: 2021.MME.8610



5.3. Final concept design 63

5.3.2. Steps towards automation
This section will discuss how the equipment can be automated so that no people are directly involved
with cleaning a hold. There are multiple steps towards automating the cleaning solution, these will be
detailed next.

First step
At the moment the excavator needs to be manually decoupled from its lifting harness, which is used to
lift it into the hold by the shore crane, so a person is needed in the hold. That means that one set of
stairs needs to have been cleared and cleaned so the hold is accessible. If this is the case, it would not
be troublesome to have a person in the cabin operating the machine. The controls of the pump would
need to be routed to and mounted in the cabin, including start/stop, pressure control, status information,
water level, and discharge valve control. At this step, the difference with the current operations is the
way of cleaning, the damage done to the ship, and the speed of cleaning, since only the cleaning
equipment is changed.

Second step
If a remote (de)coupling mechanism in the lifting harness is used to lift the excavator, e.g. similar to how
automatic container cranes work, there are more options. See Figure 5.7 for a spreader that locks and
unlocks automatically via a mechanical system when lifting and setting down a container. Fully electric
spreaders with batteries are also available [106]. Such a system could be adapted to work with the
CAT 329 excavator that is in use now at EMO, which at the moment has its own custom lifting frame.
This way an excavator can be decoupled automatically (or remotely) without the need for people at the
decoupling location.

Figure 5.7: Mechanical automatic spreader [107]
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This means that no personnel needs to be in the hold and thus that no stairs have to be cleaned.
To operate the excavator the operator could be operating using a “command console” from the manu
facturer on the deck of the bulk carrier so he has a direct line of sight, see Figure 5.8 [108]. This way,
the goal of removing personnel from the hold can be achieved.

Figure 5.8: Remote control for excavators [108]

Such a remote control system has a range of up to 400 meters but does not require any onsite com
munications infrastructure. The drivebywire technology replaces mechanical inputs by an electrical
system. So, the controls are fully integrated with machine electronics so the control and response time
is the same if one is in the cab. The machine status information including engine rpm, fuel level, hy
draulic temperature, engine temperature, and machine warnings are available through a display on the
controller. If the controller is angled more than 45°, because the operator has fallen, the machine shuts
down as a safety measure. This remote control system is available for select models of excavators
and the control system can be retroinstalled on certain existing machines.

Report number: 2021.MME.8610



5.3. Final concept design 65

Another option is to have a “command station” at a remote location, see Figure 5.9 [108]. It enables
the operator to work remotely in a seated “virtual cab”. It can be located in a command center onsite
or far away. The inputs are sent directly to the machine electronics via a dedicated radio transmit
ter/receiver, resulting in realtime control. It is claimed that such a system delivers the same response
time as in the cab. Video delivers a clear view of the work area. It is available for select models of
excavators and the control system can be retroinstalled on certain existing machines. Other compa
nies are also developing remote control technology for their machines including microphones to record
machine sounds [109–111].

Figure 5.9: Remote control station for excavators [108]

Third step
The final step makes the equipment autonomous. It includes the setup of the previous steps: The
cleaning equipment mounted on the excavator, an automatic spreader, and a remote control system
for the excavator and pump system. The equipment can still be controlled directly, but for the cleaning
of the hold no human input is necessary since a computer generates the control input necessary for
operation.

If the system is automated this will have influences on multiple operational aspects such as speed,
damage, and safety. The speed of the cleaning process depends very much on how the automation
is implemented. It is possible that a computer is more efficient than a human with its movement and
spray technique thanks to its controller. But it could also be that a human is quicker due to experience
and insight that is difficult to program.

The damage done to a hold due to accidental contact is likely to be reduced, if the sensors and
controller are robust and implemented correctly, because then the equipment will not touch the walls of
the hold. However as discussed earlier the stevedores (mis)use the equipment so that the time spent
cleaning a hold is minimized, even though this causes damage to the equipment and the hold. This
would not happen with a controller that operates with strict parameters which set a minimum distance
so no contact is made.

Automation also has the potential to increase the safety of the stevedores. This is achieved by not
needing personnel in the hold to operate the excavator. However, the cleaning process of a hold uses
two machines: An excavator and a front loader. If the front loader is operated by a person in the cabin,
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this has risks due to the interaction of the vehicles. A similar situation can occur if a person needs to
be in the hold while the automated excavator is running, then the excavator can harm the person. This
can be avoided by implementing robust safety features. These can consist of using the sensors on the
excavator to avoid obstacles such as other machines and/or people for example. Another feature is an
emergency stop that shuts the excavator down and can at any time be operated by someone.

Determining what part of the hold needs to be cleaned and what part does not, is not easy. Ground
penetrating radar is possible to use to determine where the cargo ends and where the hold wall begins.
However, this is would only be usable with coal and not for iron ore since that is a conductive material
which is a limitation of groundpenetrating radar. Optical object recognition might work, but has difficul
ties such as water in the air, dirty cameras, camera angles, lighting conditions, and surfaces that are
difficult to differentiate.

Scanning a hold to determine where the walls are, seems to be an easier solution. This can only be
done when a hold is completely empty, so the ship first needs to be emptied. Then a 3D scan can be
made of the hold and the scan be cleaned up, because there are probably errors in the model. EMO
filters out bad data using algorithms using for example the angle of repose of a material and the fact
that there can not be empty space underneath measured points when scanning the cargo in a hold.
This process would need to be done for every single ship, because the geometry in a hold is different
in almost every ship. Then the next time that the ship docks at EMO the scan of the empty hold can
be used to determine where the machine should aim the jet and where there is no bulk material. This
would be done by combining the scan data with positional data from the excavator. This all means that
a ship can only be cleaned on autopilot the second time that it docks, which translates to a long startup
period for an automation process.

Radar is being used underground to accurately position equipment in the mining industry, so that
could be used to position an excavator in a hold [112].

RTK base stations can be used to improve the accuracy offered by a GNSS. It is used to provide
realtime corrections to achieve centimeterlevel accuracy. In the middle of a hold the visible section
of the sky is limited, which makes getting lineofsight to satellites more difficult. However there are a
large number of satellites nowadays, so this might not be a problem [113].

Local positioning systems are also used in places where GNSS systems do not reach such as
inside. This system uses beacons with a limited range of which the position is known exactly. Then
another device uses these beacons to determine its own position. This relative position combined with
the global location of the beacons provides accurate location information. Such as system could be
placed around the opening into the hold to improve the positioning information.

There are problems to be overcome in the automation process. The movement in the machine
itself, since it and its connection to the ground are not infinitely stiff, should be accounted for in the
programming. There is also the possibility of wet coal and water splashing back towards the machine
because of the water jet. This material will get onto the windscreen of the cabin and sensors impeding
visibility, the degree depending on the type of sensor used. Integrating a wiper system is possible, but
would add complexity.

5.4. Conclusion
The question that this chapter has answered is the following: What is the new concept design? To
choose the design a multicriteria analysis was done where a selection of the best concepts was made.
From these the final prototype concept was chosen, an excavator with a water tank and highpressure
pump mounted on the back and a nozzle at the end of an attachment. This attachment is attached via
a coupling to the excavator’s arm. Also, the steps towards an automated design are detailed, including
automatic (de)coupling, remote control, and autonomous operation.
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Concept testing

In this chapter, the chosen concept will be tested. This includes the testing motivation andmethodology.
After that, the results of the tests are shown and interpreted.

6.1. Test motivation
Until this point all the research and design towards a solution has been theoretical. Now we want
to know the practical performance of using highpressure water jetting for cleaning holds. There are
multiple things that are interesting to know before continuing towards a practical implementation. These
are the impact of the water jet, if the water jet does damage to a hold, how fast it cleans, and how it
is influenced by the pressure, standoff distance, and nozzle type. These things will be measured in 3
series of tests which are outlined in the following section. The impact test is a quick way to determine
what the influence is of pressure, standoff distance, and nozzle type on the imparted force on the
material that needs to be removed. The damage test is necessary to see if this method of cleaning
damages the hold. If that is the case, a costbenefit analysis can be done to determine if the concept is
a net positive. Lastly, the cleaning speed test will show how well the different variations of the concept
clean the material. It is not possible to use an actual hold, due to the operational schedule, to test the
realworld cleaning performance. So this test will only give an indication towards that, and furthermore
provide information on the influence on performance by variables such as standoff distance and nozzle
type. And while the tests will be done with a CAT 329 excavator, there will be no real test to evaluate
the “reaching” function of the concept, instead focussing on the “cleaning” function.
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6.2. Test setup
This section will show the test setup and methodology that is used. This includes the general parts of
the test and all the specifics of the 3 test categories.

6.2.1. General setup
In Figure 6.1a the excavator attachment is shown. Apart from the standard geometry so that it can be
attached to an excavator, its shape is not important for this test. A rigid pipe is mounted to it which
can be connected to a standard 3/8” highpressure hose. On the other end different nozzles can be
attached. The setup is not identical to the concept design as shown in Chapter 5, however the function
during the tests is the same. So the choice was made to use a simple setup for testing with minimal
construction complexity. In Figure 6.1b the excavator with attachment is shown. In Figure 6.1c the
highpressure pump with its water tank is shown. The capacity is approximately 100 l and is filled with
tap water and not the “working water” that EMO often uses. If it would be filled with the “working water”
filters would be needed since this water is quite dirty and can cause congestion or damage to the pump.
The pump unit is located on a trailer so that it can be placed nearby. It connects with a hose to the pipe
on the attachment. In Figure 6.1d the pressure gauge of the pump is shown. The pressure is regulated
by opening and closing the throttle of the diesel engine that drives the pump.

(a) Excavator attachment with a nozzle (b) CAT 329 excavator used for testing

(c) Highpressure diesel pump (d) Pressure gauge on the pump

Figure 6.1: The general components of the testing setup
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A standoff distance of 1, 2, and 3mwas initially the plan, so that also the rear side of a spiral staircase
can be cleaned without having to maneuver the nozzle between the railings. However, before the start
of testing it became apparent that at that distance the water jet has lost a lot of its power. Also, the arm
of the excavator could not be positioned vertically and still have a distance of more than 1.5 m. Since
typical standoff distances when highpressure cleaning are also smaller, the choice was made to test
at 0.5, 1, and 1.5 m distance.

Another thing that was changed from the original test plan is the pressure. This was planned to be
tested at working pressures of 150, 200, and 250 bar. The pump that was available however could,
depending on the nozzle, only produce a pressure of 180 bar. So the pressures at which the test was
done, were changed to 100, 140, and 180 bar.

There are 3 different nozzle types used. Nozzle 1, see Figure 6.2a, is just a round hole that generates
a tight round jet of water. It has an opening of 1.52 mm. In Figures 6.2b and 6.2c the nozzle can be
seen in action. It hits a small surface, but it seems that little of the water is blown away in the wind.

(a) Nozzle closeup

(b) Nozzle in action side view (c) Nozzle in action top view

Figure 6.2: Nozzle 1 detail and jet shape
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Nozzle 2, see Figure 6.3a, is also a round hole, but the exit has a sort of slit. That generates a
planar jet of water that has an internal angle of 15°. It has an opening of 2.05 mm. In Figures 6.3b and
6.2c the nozzle can be seen in action. It hits a wider surface, but it also seems that some of the water
is not in the core water jet and loses its energy.

(a) Nozzle closeup

(b) Nozzle in action side view (c) Nozzle in action top view

Figure 6.3: Nozzle 2 detail and jet shape
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Nozzle 3, see Figure 6.4a, is a special nozzle that a ball with a hole in it that rotates when water
flows through it. This generates a cone of water that has an internal angle of 20°. The opening diameter
when measured is 1.7 mm. In Figures 6.4b and 6.4c the nozzle can be seen in action. It hits a wide
surface, but it also seems that the water is more of a mist than a jet, and that it loses much of its energy.

(a) Nozzle closeup

(b) Nozzle in action side view (c) Nozzle in action top view

Figure 6.4: Nozzle 3 detail and jet shape
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The experimental plan included a flow meter in the water line, so that it could be measured directly,
but this is not available. However, there is a datasheet that gives the maximum volume flow for various
pressures for the different nozzles. This data is plotted in Figure 6.5. For nozzles 1 and 2 all the visible
data points are directly from the manufacturer, however for nozzle 3 only the volume flow at 200 bar is
available. Since the shape of the curve for nozzles 1 and 2 are very similar, the choice is made to give
nozzle 3 a similar curve. This is done by using the relative position of the single data point of nozzle 3
at 200 bar, between the data points of nozzles 1 and 2 at that same pressure. Then generating data
points for every other pressure at the same relative position (at 34% of the vertical distance between
nozzle 1 and nozzle 2) for nozzle 3. The trendline function in Excel is used to generate a formula for
the curves of the nozzles, with a fit quality of 𝑅2 > 0.99. This formula is then used to generate data
points at 180 bar, since the data only specifies 175 and 200 bar. The same power value of the formulas
confirms the similarity of the curves of nozzles 1 and 2.

Figure 6.5: The volume flow through the different nozzles at different pressures. Nozzle 3 is extrapolated data.
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6.2.2. Impact test
To measure the impact of the water spray, the following setup is used as seen in Figure 6.6. In Figure
6.6a on the left is the force sensor, in the middle is the analog signal conditioner and on the right is the
data acquisition device (DAQ). Not shown is the laptop that is connected to receive the digital signal
from the DAQ via USB. The signal conditioner also needs to be connected to mains electricity, which
was not available on location, so a large diesel generator is used that supplies 230 V power. The force
sensor is a Phidgets CZL301 S type load cell [114], which has a maximum capacity of 500 kg, but has
been calibrated up to 1000 N or 100 kg by the measuring department of the 3ME faculty of the TU
Delft. According to this department the accuracy of the load cell is onethousandth of its measuring
range, which with this calibration means 1 N. The ADC is a National Instruments USB6002 [115], and
the signal conditioner is a Scaime CPJ [116].

In Figures 6.6b and 6.6c the test setup is shown. The load cell is mounted to a steel table with W x
L x H dimensions of 1000 x 1100 x 550 mm with an M12 bolt. On top of the load cell a 580 x 580 x 2
mm steel interface plate is mounted also with an M12 bolt.

(a) Measuring electronics

(b) Load cell mounted between a table and a plate (c) Table with the force measuring plate

Figure 6.6: Impact measuring setup

Report number: 2021.MME.8610



74 6. Concept testing

The 3 nozzles are tested at a distance of 0.5 m, 1 m, and 1.5 m. This distance is determined with
a measuring tape. The tests are done at pressures of 100, 140, and 180 bar for nozzles 1 & 2. The
pump could only create a pressure of 170 bar when using nozzle 3, so a pressure of 100, 140, and 170
bar is used in this case.

The excavator attachment is lifted vertically above the plate that is mounted to the load cell, and the
water jet is centered on the plate by eye. The water jet is maintained for approximately but at least 10
seconds during which the load cell output is measured. Every 100 ms a data point is saved, resulting
in 110 to 140 data points. To zero the data later, 10 seconds of data is gathered of only the weight of
the plate without a water jet. The average value of this measurement can then be subtracted from the
data that is measured during jetting, giving the net impact force.

(a) Testing with nozzle 1 (b) Testing with nozzle 2 (c) Testing with nozzle 3

Figure 6.7: Jetting on the measuring plate during impact testing
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6.2.3. Damage test
This test is meant to evaluate the damage done by a water jet to the paint of a hold. This is done
by using a water jet on a painted surface and measuring the thickness of that paint layer. Before the
jetting, the control thickness of the layer of paint is measured. This is done with an ultrasonic thickness
gauge as seen in Figure 6.8a. The measuring of the layer is done in 3 locations, to give an average
value.

The water jet is aimed at a painted steel plate that lies on the ground, see Figure 6.8b, the paint is
a typical heavyduty outdoor type paint that is used at EMO. The 3 nozzles are tested at a distance of
0.5 m, 1 m, and 1.5 m. This distance is determined with a measuring tape. The test is done only at 180
bar (170 bar for nozzle 3), since that would be most likely to damage the paint. If there is negligible
damage at that pressure, lower pressures should also be fine. If there is significant damage, then it
can be considered to use a lower pressure, although that might make the cleaning a longer process.

During 10 seconds the plate is subjected to the water jet, after which the layer thickness is measured
again to see if the layer is thinner. Then the distance is decreased from 1.5 m to 1 m, to increase the
chance of damage. The thickness is measured again and the distance is decreased a final time to 0.5
m and the layer thickness is measured a final time. This process is repeated for every nozzle, which
are all tested on a new and identical plate.

(a) Positector 6000 ultrasonic layer thickness gauge [117] (b) Jetting on the painted plate during damage testing

Figure 6.8: Damage testing setup
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6.2.4. Speed test
This test is done to see the relative speed of cleaning using different nozzles and distances. The 3
nozzles are tested at a distance of 0.5 m, 1 m, and 1.5 m. This distance is determined with a measuring
tape. The test is done only at 180 bar (170 bar for nozzle 3), because that pressure would most likely
give the shortest cleaning times.

Doing the test in an actual hold in a docked bulk carrier is not possible due to tight scheduling at
EMO, so an alternative is used. On the EMO terrain there is a low sheet pile wall with roughly the
same shape as the separating wall between holds, see Figure 6.9a. The filled sections of the sheet
pile wall have L x H x W dimensions of 800 x 800 x 300 mm approximately. They are filled with a
mixture of coal and iron ore. This is material that has accumulated over time and seems to have been
quite compacted. Every pressure & nozzle combination is used to clean one section of the sheet pile
wall, the time this takes is measured. The excavator (and its attachment) is moved by an operator so
that the whole section is hit with the water jet. However not every section is filled identically which is a
problem regarding the reliability of the results.

(a) Filled sheet pile wall section (b) Excavator using the jet attachment to clean a sheet pile wall section

Figure 6.9: Speed testing setup
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In Figure 6.10 the tests using nozzle 1 are shown, in Figure 6.11 the tests using nozzle 2 are shown,
and in Figure 6.12 those of nozzle 3 are shown.

(a) 0.5 m distance (b) 1 m distance (c) 1.5 m distance

Figure 6.10: Speed tests using nozzle 1 at various distances

(a) 0.5 m distance (b) 1 m distance (c) 1.5 m distance

Figure 6.11: Speed tests using nozzle 2 at various distances

(a) 0.5 m distance (b) 1 m distance (c) 1.5 m distance

Figure 6.12: Speed tests using nozzle 3 at various distances
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6.3. Test results
In this section the results of the tests are shown. Also, the results will be discussed and a calculation
done for the cleaning time of an entire hold.

6.3.1. Impact test results
In Figure 6.13a the measured impact force over time of nozzle 1 at a pressure of 180 bar at 0.5 m
distance is plotted. In the same figure is the calibration measurement of the setup plotted, this is only
the weight of the test setup without any water. It can be seen that the calibration signal has much less
variance than the measurement using water, so the variance is a physical property of the interaction
of the water jet with the interface plate. In Figure 6.13b the actual impact force, which is the measured
forces minus the average calibration value, is plotted. Here the relative size of the variation becomes
much larger, however because it seems to be a characteristic of the physical system, this should not
be a problem.

(a) The raw measured impact force over time of nozzle 1, 180 bar at 0.5
meter.

(b) The impact force over time of nozzle 1, 180 bar at 0.5 meter corrected
for the weight of the setup. The trendline is also plotted

Figure 6.13: The measured impact force and the net impact force. The time between measurement points is 100 ms, the total
measured time is 10 s.
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In Figure 6.14 the average impact force is plotted against the standoff distance. This is done for
nozzles 1, 2, and 3. It can be seen in Figure 6.14a that there is very little difference in the force between
0.5 m and 1 m using nozzle 1. However, at 1.5 m the force decreases, more so for 140 and 180 bar. In
Figure 6.14b there is a slight downward trend for increasing distance when using nozzle 2, but at 140
bar the maximum force is at 1 m. In Figure 6.14c when using nozzle 3 at 140 and 170 bar there is a
minimum at 1 m. However, at 100 bar the data trends only downwards for increasing distance.

(a) Average impact force when using nozzle 1 at various standoff dis
tances

(b) Average impact force when using nozzle 2 at various standoff dis
tances

(c) Average impact force when using nozzle 3 at various standoff dis
tances

Figure 6.14: The average impact force for the different nozzles plotted against the standoff distance
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In Figure 6.14 the average impact force is plotted against the working pressure. This is done for
nozzles 1, 2, and 3. In Figure 6.15a, 6.15b and 6.15c the impact force always trends upwards for
increasing pressure. In most cases this seems pretty linear, so the force increases almost proportionally
with the working pressure, lagging a little bit. The line of nozzle 2 flattens a bit between 140 and 180
bar, indicating a deviation from this linear relationship.

(a) Average impact force when using nozzle 1 at various pressures (b) Average impact force when using nozzle 2 at various pressures

(c) Average impact force when using nozzle 3 at various pressures

Figure 6.15: The average impact force for the different nozzles plotted against the pressure
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In Figure 6.16 the differences in impact force between the different nozzles are shown. In Figure
6.16a, 6.16b and 6.16c this is done by plotting against the distance at a certain pressure.

In Figure 6.16a it can be seen that nozzle 2 has the largest force at all distances at 100 bar, with
nozzles 1 and 3 having similar results. In Figure 6.16b nozzle 2 again has the largest force at all
distances at 140 bar. At 0.5 m and 1 m nozzles 1 and 3 are also again very similar, but at 1.5 m the
force of nozzle 1 drops sharply. In Figure 6.16c at 170/180 bar the results are very similar to the last
figure.

(a) Average impact force when using different nozzles at 100 bar (b) Average impact force when using different nozzles at 140 bar

(c) Average impact force when using different nozzles at 170/180 bar

Figure 6.16: The average impact force for the different nozzles plotted against the distance
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In Figure 6.17 the differences in impact force between the different nozzles are shown. In 6.17a,
6.17b and 6.17c this is done by plotting against the pressure at a certain distance. See also Appendix
B for the combined complete graphs of the impact force.

In Figure 6.17a nozzle 2 again generates the largest force at 0.5 m. Nozzles 1 and 3 are close
together, but nozzle 3 does have larger measured force. In Figure 6.17b nozzle 2 has the largest force
again, with nozzles 1 and 3 very close together. And lastly in Figure 6.17c nozzle 2 has the largest
force, with nozzle 3 a close second and nozzle 1 with the smallest force.

(a) Average impact force when using different nozzles at 0.5 meter (b) Average impact force when using nozzle 2 at 1 meter

(c) Average impact force when using nozzle 3 at 1.5 meter

Figure 6.17: The average impact force for the different nozzles plotted against the pressure
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In Figure 6.13 was visible how the measured force fluctuated, this fluctuation will now be quantified.
In Figure 6.18 the standard deviation of a sample set of data is plotted using the “n1” method. It can be
seen that there is a large degree of uncertainty, especially since many measured values are relatively
close together. Further, at higher pressures the standard deviation generally increases, but not as a
percentage of the average value. That percentage does often increase for larger standoff distances.

(a) Average impact force when using nozzle 1 at various standoff dis
tances

(b) Average impact force when using nozzle 2 at various standoff dis
tances

(c) Average impact force when using nozzle 3 at various standoff dis
tances

Figure 6.18: The average impact force and standard deviation of a sample for the different nozzles. Also shown is the percentage
of the average value that the standard deviation is
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In Figure 6.19 Box and Whisker plots are shown. These further detail the distribution of the data
points. They show the median, lower and upper quartiles, extremes, and outliers of the data.

(a) Distribution of the force data of nozzle 1 at various standoff distances (b) Distribution of the force data of nozzle 2 at various standoff distances

(c) Distribution of the force data of nozzle 3 at various standoff distances

Figure 6.19: Box andWhisker plot of the force measurements showing the distribution of the data. It shows the median, quartiles,
extremes, and outliers. n1=nozzle 1, p100=100 bar, x0.5=0.5 meter, etc
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The testing was done as a full factorial experiment, where multiple factors that have possible values,
are tested in all possible combinations of all these values. Response surfaces can be plotted to explore
the relationship between the factors or variables, and can show optimal outcomes for specific variable
values. In this case the relationship is between the distance, working pressure, and the nozzle type,
resulting in the largest impact force. In Figure 6.20 3D response surfaces, and the corresponding 2D
contours, of the nozzles are plotted. The two variables are the distance and the working pressure. It
can be seen that the maxima are on the edges and corners. This indicates that higher forces can be
generated by expanding the range of the variables, the standoff distance, and the pressure. Further,
there does not seem to be a definite relationship between the distance and the pressure. At 0.5 m,
1 m, and at 1.5 m the relative increase in the impact force is the same. The distance seems to have
a steeper slope at higher working pressures using nozzle 1. This means that at 180 bar the relative
difference in impact force between 0.5 m and 1.5 is larger than at 140 bar. This does not hold for
nozzles 2 and 3.

(a) 2D impact force contour of nozzle 1 (b) 2D impact force contour of nozzle 2 (c) 2D impact force contour of nozzle 3

(d) 3D impact force contour of nozzle 1 (e) 3D impact force contour of nozzle 2 (f) 3D impact force contour of nozzle 2

Figure 6.20: Impact force contours of the nozzles based on the distance and pressure
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Figure 6.21 shows the contours at a certain pressure, with the variables being the nozzle type and
the standoff distance. At 1.5 m only nozzle 1 has a relatively sharp unexplained drop, but further there
seems no connection between the nozzle type and the distance on the force. The impact force slope
caused by the distance has the same angle for every nozzle.

(a) 2D impact force contour at 100 bar (b) 2D impact force contour at 140 bar (c) 2D impact force contour at 170/180 bar

(d) 3D impact force contour at 100 bar (e) 3D impact force contour at 140 bar (f) 3D impact force contour at 170/180 bar

Figure 6.21: Impact force contours at a certain pressure based on the nozzle type and distance
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Figure 6.22 shows the contours at a pressure, with the variables being the nozzle type and the
distance. Also here seems to be no connection between the nozzle type and the pressure. The relative
difference of the impact force between working pressures is the same for every nozzle. This means
that an increase of the working pressure has the same effect on the impact force for every nozzle. Also,
there is no clear effect of the working pressure on the relative difference of the impact force between the
nozzles. So, the relative difference in impact force between the nozzles is the same at every working
pressure.

(a) 2D impact force contour at 0.5 m (b) 2D impact force contour at 1 m (c) 2D impact force contour at 1.5 m

(d) 3D impact force contour at 0.5 m (e) 3D impact force contour at 1 m (f) 3D impact force contour at 1.5 m

Figure 6.22: Impact force contours at a certain distance based on the nozzle type and pressure
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Impact pressure
Only looking at the impact force does not paint a complete picture. When a greater standoff distance is
used, the force seems to largely remain the same. This force is however spread over a larger area due
to the internal angle of the water jet and the angle of the spray pattern. This means that the pressure of
this impact, the force divided by the area, decreases. To calculate the impact pressure of the water the
impact force and the impact area are necessary. The force is already known, the area will be calculated
now.

The internal angle 𝛼 of the jet from nozzle 1 has been measured digitally from a photo to be 1°.
This same angle is used for the core water jet of nozzles 2 and 3 to determine the width of the jet at
a certain distance 𝑥. The angle 𝛽 is the internal angle of the spray pattern of nozzles 2 and 3. The
nozzle diameter is 𝑑, and the diameter of the jet at impact is 𝐷. The length and diameter of the pattern
of nozzle 2 and 3 respectively is 𝐿.

• 𝑑𝑖 = 𝑛𝑜𝑧𝑧𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 1.52 𝑚𝑚/2.05 𝑚𝑚/1.70 𝑚𝑚

• 𝐷𝑖 = 𝑗𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

• 𝐿𝑖 = 𝑗𝑒𝑡 𝑖𝑚𝑝𝑎𝑐𝑡 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑙𝑒𝑛𝑔𝑡ℎ/𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

• 𝛼 = 𝑗𝑒𝑡 𝑎𝑛𝑔𝑙𝑒 = 1∘

• 𝛽𝑗 = 𝑗𝑒𝑡 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑎𝑛𝑔𝑙𝑒 = 15∘/20∘

• 𝑥 = 𝑠𝑡𝑎𝑛𝑑𝑜𝑓𝑓 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 0.5 𝑚/1.0 𝑚/1.5 𝑚

Equation 6.1 is used to calculate the diameter of the jet at impact. This is illustrated in Figure 6.23.
The index 𝑖 is used to denote the nozzle number. Equations 6.2, 6.3 and 6.4 are specific for the various
nozzles.

tan (𝛼2 ) =
𝐷𝑖
2 −

𝑑𝑖
2

𝑥 ⇒ 𝑥 tan (𝛼2 ) =
1
2 (𝐷𝑖 − 𝑑𝑖) ⇒ 𝐷𝑖 = 2𝑥 tan (

𝛼
2 ) + 𝑑𝑖 𝑓𝑜𝑟 𝑖 = 1, 2, 3 (6.1)

Figure 6.23: The core water jet profile. Note: Figure is not to scale

𝐷1 = 2𝑥 tan (
𝛼
2 ) + 𝑑1 (6.2)

𝐷2 = 2𝑥 tan (
𝛼
2 ) + 𝑑2 (6.3)

𝐷3 = 2𝑥 tan (
𝛼
2 ) + 𝑑3 (6.4)
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The impact area of nozzle 1, which is a simple circle, is described by equation 6.5. This is also
illustrated in Figure 6.24.

𝐴1 =
1
4𝜋𝐷

2
1 (6.5)

Figure 6.24: The impact pattern of nozzle 1. Note: Figure is not to scale

This impact pattern of nozzle 2 is illustrated in Figure 6.25. This is a rectangular impact pattern,
where the width is the jet diameter 𝐷2 and the length is calculated from the jet pattern angle. Equation
6.6 describes the length of the line pattern of nozzle 2 (and the outer diameter of the circle of nozzle
3). For nozzles 2 and 3 this translates to equations 6.7 and 6.8 respectively.

Figure 6.25: The impact pattern of nozzle 2. Note: Figure is not to scale

tan(
𝛽𝑗
2 ) =

𝐿𝑖
2
𝑥 ⇒ 𝐿𝑖 = 2𝑥 tan(

𝛽𝑗
2 ) 𝑓𝑜𝑟 𝑖 = 2, 3 𝑎𝑛𝑑 𝑗 = 2, 3 (6.6)

𝐿2 = 2𝑥 tan(
𝛽2
2 ) (6.7)

𝐿3 = 2𝑥 tan(
𝛽3
2 ) (6.8)

The area of the impact pattern of nozzle 2 is then given by equation 6.9.

𝐴2 = 𝐷2 ∗ 𝐿2 = (2𝑥 tan (
𝛼
2 ) + 𝑑2) ∗ 2𝑥 tan(

𝛽2
2 ) (6.9)
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The area of the impact pattern of nozzle 3 has the shape of a ring since the core water jet rotates
so that a cone shape is created, illustrated in Figure 6.26. The area of a ring is described by equation
6.10. The inner diameter 𝐿3,𝑖𝑛𝑛𝑒𝑟 of the ring of the spray pattern is given by equation 6.11, while the
outer diameter was calculated with equation 6.8. Then finally, the area of the ring of nozzle 3 is given
by equation 6.12.

Figure 6.26: The impact pattern of nozzle 3. Note: Figure is not to scale

𝐴𝑐𝑖𝑟𝑐𝑙𝑒 =
1
4𝜋 (𝐷

2
2 − 𝐷21 ) (6.10)

𝐿3,𝑖𝑛𝑛𝑒𝑟 = 𝐿3 − 2 ∗ 𝐷3 (6.11)

𝐴3 =
1
4𝜋 (𝐿

2
3 − (𝐿3 − 2 ∗ 𝐷3)

2) (6.12)

Figure 6.27 shows the calculated impact area of the nozzles. It can be seen that nozzle 1 has by far
the smallest area, then nozzle 2, and finally nozzle 3 has the largest area. Also, the increase of the area
for increasing distance is visible. The yaxis has a logarithmic scale to better display the differences
between the data points.

Figure 6.27: The impact area of the various nozzles plotted against the standoff distance. Note: The yaxis is logarithmic for
better visibility.
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In Figure 6.28 the impact pressure of the different nozzles is plotted against the standoff distance. It
can be seen that nozzle 1 has the highest pressures, then nozzle 2 and lastly nozzle 3. This is logical,
since this is also the order of increasing impact area, and thus lower pressures. Also, for increasing
distance the absolute difference between the impact pressure decrease, while the relative difference
in impact pressure stays the same.

(a) Average impact pressure when using nozzle 1 at different distances (b) Average impact pressure when using nozzle 2 at different distances

(c) Average impact pressure when using nozzle 3 at different distances

Figure 6.28: Average impact pressure for the different nozzles against the standoff distance
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In Figure 6.29 the impact pressure of the different nozzles is plotted against the working pressure.
It can be seen that increasing working pressure causes increasing impact pressure at the same dis
tance. This is consistent with earlier data, since it was shown that increasing working pressure caused
increasing impact force. Also as seen before, at larger distances, the slope of the impact pressure is
flatter.

(a) Average impact pressure when using nozzle 1 at different pressures (b) Average impact pressure when using nozzle 2 at different pressures

(c) Average impact pressure when using nozzle 3 at different pressures

Figure 6.29: Average impact pressure for the different nozzles against the pressure
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Earlier the surface response was plotted for the impact force, now it is done for the impact pressure to
see if links exist between the variables. Figure 6.30 shows the impact pressure contours of the various
nozzles. The distance is plotted against the working pressure. For smaller standoff distances, the
slope for increasing pressure is steeper. This means that at 0.5 m an increase of the working pressure
of 40 bar results in a larger change in the impact pressure, than at 1 m. This can also be seen in Figure
6.29. Also, at a higher working pressure, the distance has a larger effect on the impact pressure. This
means that at 140 bar the decrease in impact pressure from 0.5 m to 1 m is larger than at 100 bar. This
can also be seen in Figure 6.28.

(a) 2D impact pressure contour of nozzle 1 (b) 2D impact pressure contour of nozzle 2 (c) 2D impact pressure contour of nozzle 3

(d) 3D impact pressure contour of nozzle 1 (e) 3D impact pressure contour of nozzle 2 (f) 3D impact pressure contour of nozzle 2

Figure 6.30: Impact pressure contours of the nozzles based on the distance and pressure
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Figure 6.31 shows the impact pressure contours at a certain working pressure. The distance is
plotted against the nozzle type. There is a large difference between the nozzles, but all the nozzles
seem to have about the same pressure response to the distance. Nozzle 1 has a slightly steeper impact
pressure response to the distance than the other 2 nozzles, meaning that at increasing distance, the
impact pressure falls slightly quicker. Also, at every distance, the difference between the nozzles is
about the same coefficient on average. So at 0.5 m, 100 bar, nozzle 1 has 13 times the impact pressure
of nozzle 2, approximately the same as at 1 m and 1.5 m.

(a) 2D impact pressure contour at 100 bar (b) 2D impact pressure contour at 140 bar (c) 2D impact pressure contour at 170/180 bar

(d) 3D impact pressure contour at 100 bar (e) 3D impact pressure contour at 140 bar (f) 3D impact pressure contour at 170/180 bar

Figure 6.31: Impact pressure contours at a certain pressure based on the nozzle type and distance
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Figure 6.32 shows the impact pressure contours at a certain standoff distance. The working pres
sure is plotted against the nozzle type. Again there is a large difference between the nozzles, but there
seems to be no connection between the nozzle type and the working pressure. At every working pres
sure the relative difference between the nozzles is about the same. Also, at every distance, the relative
difference between the nozzles is approximately the same.

(a) 2D impact pressure contour at 0.5 m (b) 2D impact pressure contour at 1 m (c) 2D impact pressure contour at 1.5 m

(d) 3D impact pressure contour at 0.5 m (e) 3D impact pressure contour at 1 m (f) 3D impact pressure contour at 1.5 m

Figure 6.32: Impact pressure contours at a certain distance based on the nozzle type and pressure
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6.3.2. Damage test results
Figure 6.33 shows the measured average layer thickness during the damage tests. The order of tests
of a painted steel plate is from left to right. First, the reference is measured, then after water jetting at
1.5 m, then at 1 m, and finally at 0.5 m. Also shown is the standard deviation of the sample values
measured. While there is some variation in the layer thickness between measurements, there is no
significant decrease in layer thickness for every nozzle, and thus no damage to the paint.

Figure 6.33: Average paint layer thickness after water jetting at decreasing distances
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6.3.3. Speed test results
In Figure 6.34 the cleaning times of all the nozzles and distances are shown. Nozzle 1 was effective in
cleaning the section. It can be seen in Figure 6.35b and 6.35a that it is a very narrow jet that sometimes
creates holes in the material. This means it will punch through, but not remove a lot of material. A larger
standoff distance caused the cleaning time to increase for nozzle 1 from just above 60 seconds to over
3 minutes.

Figure 6.34: The time it takes to clean a section of sheet pile wall. Results of 240 s are at the cutoff time of measuring.

The cleaning times of nozzle 2 are a lot higher than those of nozzle 1. In Figure 6.36a is the section
depicted after cleaning at 0.5 m. It can seem from the photo that there is still quite a bit of material
left, but during jetting it was visible that the material was very loose and only remained in the section
because it laid on the ground. At 1.5 m distance the nozzle was not able to clean the section completely,
see Figure 6.36b for the section after 240 s. During testing it was clear that the water jet had very little
impact on the material shown.

It is unexpected that the cleaning time at 1 m is shorter than at 0.5 m. The material subjected to
nozzle 2 at a distance of 1 m seemed quite soft during the test, this could explain the shorter time
for this measurement. The material in the other section seems harder, this could be due to material
differences of the influence of water and/or temperature. The tests were started in the morning when
the outside temperature was just below freezing, continuing into the afternoon with the temperature
climbing to around 5°C. This means that the material was (partially) frozen for the first tests and was
thawing for later tests.

The cleaning times of nozzle 3 are for every standoff distance 240 s, because it could not clean the
sections of sheet pile wall. Figure 6.37a and 6.37b show the results after jetting for 4 minutes. At 0.5
m some material has been removed, but at the other distances very little difference is seen. During
testing, the water jet seemed to have very little to no impact on the material. This lack of performance at
larger standoff distances could be caused by a loss of coherence of the water jet and thus the velocity
[118]. This is caused by the jet diffusing in the air by the process of air entrainment [119]
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(a) Nozzle 1, 0.5 m (b) Nozzle 1, 1 m

Figure 6.35: A cleaned section of sheet pile wall using nozzle 1

(a) Nozzle 2, 0.5 m (b) Nozzle 2, 1.5 m (not cleaned completely)

Figure 6.36: A cleaned section of sheet pile wall using nozzle 2

(a) Nozzle 3, 0.5 m (b) Nozzle 3, 1 m

Figure 6.37: Section of sheet pile wall using nozzle 3 (not cleaned completely)
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Minimum necessary impact pressure
It is probable that the impact pressure determines how quickly the material is cleaned, and that there
is a certain lower limit to this pressure, also mentioned in [118]. The lower limit of this where there is
still cleaning performance, is extracted from the speed tests in combination with the earlier calculated
impact pressure. This is done so a prediction can be made regarding the necessary working pressure
to achieve adequate cleaning performance at a certain distance with a certain nozzle.

The test with the highest impact pressure where the section was not cleaned completely is nozzle 3
at 0.5 m, producing 8.8 kPa. The test with the lowest impact pressure where the section was cleaned
completely is nozzle 2 at 1 m, producing 10.7 kPa. But as said earlier, the material in this section
seemed softer than in the others giving an explanation for an outlier result. With these factors in mind,
the estimated minimum impact pressure where adequate cleaning is possible is taken as 20 kPa.

Excel is used to generate an equation of the impact pressure response curve for the speed tests.
This equation gives the predicted impact pressure for larger distances. The impact pressure scales
almost linearly with the working pressure, lagging behind only 3% on average. This lag is disregarded
in this approximation, and this linear relationship is used to generate equation 6.13. Here 𝑞𝑤,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
is the predicted working pressure to generate the minimum impact pressure 𝑞𝑖,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 of 20 kPa. The
predicted impact pressure is 𝑞𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑, from the excel equation, and 𝑞𝑤,𝑛𝑜𝑧𝑧𝑙𝑒 is the working pressure
of the nozzle, either 180 bar or 170 bar depending on the unit.

𝑞𝑤,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 =
𝑞𝑖,𝑚𝑖𝑛𝑖𝑚𝑢𝑚
𝑞𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

∗ 𝑞𝑤,𝑛𝑜𝑧𝑧𝑙𝑒 (6.13)
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The performance of the nozzles during the speed test, the fitted equation, and the predicted neces
sary working pressure are plotted in Figure 6.38. The necessary working pressure scales quadratically
with the distance, which makes sense since the impact area and thus the impact pressure, scales
approximately with the quadratic inverse of the distance. Some notable data points are the following.
Nozzle 1 produces 20 kPa at 2.58 m, and still produces 21.4 kPa at 2.5 m. Nozzle 2 produces 20 kPa
at 79 cm, and produces only 3.2 kPa at 1.5 m, so the necessary pressure to produce 20 kPa at that
distance is 1138 bar. At 2 m, this is 2632 bar. Nozzle 3 does not produce 20 kPa at distances of 50 cm
and larger. Nozzle 3 produces only 1.1 kPa at 1.5 m, so the necessary pressure to produce 20 kPa at
that distance is 3174 bar. At 2 m, this is 5488 bar.

It is clear that to use a standoff distance of 1.5 m or more with nozzle 2 or 3 unfeasible high working
pressures are necessary to achieve good cleaning performance. This would seem to necessitate a
short standoff distance for these nozzles. Nozzle 1 even reaches the minimum impact pressure at
distances up to 2.58 m using 180 bar working pressure.

The minimum working pressure needed to generate an impact pressure of 20 kPa at 0.5 m is 6 bar
for nozzle 1, 93 bar for nozzle 2 and 392 bar for nozzle 3. This means that nozzles 1 and 2 could use
a lower working pressure and use less water to still achieve adequate cleaning performance. This not
apply to nozzle 3. At 1 m, nozzle 1 only needs 25 bar, but nozzle 2 needs 349 bar. At 1.5 m nozzle 1
still only needs 59 bar, and at 2 m 106 bar. If nozzles 1 and/or 2 are used, a worthwhile consideration
is to lower the working pressure and reduce the water consumption. However, the influence on the
cleaning speed would need to be tested beforehand to know for certain there are no adverse effects.

(a) The predicted impact and working pressure of nozzle 1 (b) The predicted impact and working pressure of nozzle 2

(c) The predicted impact and working pressure of nozzle 2

Figure 6.38: The predicted impact pressure and the calculated working pressure necessary to achieve 20 kPa impact pressure
at a certain distance.
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Hold cleaning time estimation
The speed test did not directly give any information about the cleaning time of a hold, so some simple
approximate calculations are done to get a rough idea of how long it would to take clean an entire hold
with the concept. This is done by calculating the speed for a given volume of material from the speed
test, and then calculating the volume that needs to be cleaned in a hold. These two are combined,
giving the cleaning time for a hold. This is done to produce an estimation of the time for EMO, for when
they continue with the project.

From the speed test the approximate cleaning time per volume can be calculated in equation 6.14.

𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑝𝑒𝑒𝑑 𝑡𝑒𝑠𝑡 ∶ 0.8𝑚 ∗ 0.8𝑚 ∗ 0.3𝑚 = 0.192𝑚3 (6.14)

The best recorded cleaning time was 66s, giving the speed in equation 6.15.

𝑆𝑝𝑒𝑒𝑑 = 𝑇𝑖𝑚𝑒
𝑉𝑜𝑙𝑢𝑚𝑒 =

60𝑠
0.192𝑚3 = 343.75

𝑠
𝑚3 (6.15)

The used dimensions are for a Capesize bulk carrier and are as follows:

• Hold width: 45 m

• Hold length: 30 m

• Hold height: 25 m

• Knee height: 3 m

• Bulkhead depth: 1 m

• Side shell frame depth: 0.3 m

There is an angle change in the wall, this is a place where all the material in a section of the wall
rests on. So if the material in this section is blasted away, then the material above it will fall since there
is no material to rest on. This behavior propagates upwards, often causing the entire column of material
to fall, see also Figure 6.39. This section is also called the “knee”. The length (height) of the knee is
thus the section that needs to be cleaned. Figures 4.7 and 4.8 also illustrate the structure of a hold.

Figure 6.39: A CAT 329 cleaning a side shell frame
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The volume that needs to be cleaned consists of the sides and the ends of the hold. For the sides,
the area where the material is, is taken as the entire length of the hold, since the width of the shell
frames is narrow. The volume of the side shell frames of the hold is calculated in equation 6.16.

𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑖𝑑𝑒𝑠 ∶ 𝑘𝑛𝑒𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 ∗ 𝑓𝑟𝑎𝑚𝑒 𝑑𝑒𝑝𝑡ℎ ∗ ℎ𝑜𝑙𝑑 𝑙𝑒𝑛𝑔𝑡ℎ = 3𝑚 ∗ 0.3𝑚 ∗ 30𝑚 = 27𝑚3 (6.16)

The transverse bulkhead is corrugated, so half of it is concave, and the other half is convex. Thus
only half of the hold width is filled with material and then the volume of the ends of the hold is given by
equation 6.17.

𝑉𝑜𝑙𝑢𝑚𝑒 𝑒𝑛𝑑𝑠 ∶ 0.5∗𝑘𝑛𝑒𝑒 ℎ𝑒𝑖𝑔ℎ𝑡∗𝑏𝑢𝑙𝑘ℎ𝑒𝑎𝑑 𝑑𝑒𝑝𝑡ℎ∗ℎ𝑜𝑙𝑑 𝑤𝑖𝑑𝑡ℎ = 0.5∗3𝑚∗1𝑚∗45𝑚 = 67.5𝑚3 (6.17)

The total volume to be cleaned in the hold is described in equation 6.18.

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ∶ 2 ∗ (𝑣𝑜𝑙𝑢𝑚𝑒 𝑠𝑖𝑑𝑒 + 𝑣𝑜𝑙𝑢𝑚𝑒 𝑏𝑢𝑙𝑘ℎ𝑒𝑎𝑑) = 2 ∗ (27𝑚3 + 67.5𝑚3) = 189𝑚3 (6.18)

Then the cleaning time for a hold is given by equation 6.19.

𝑇𝑖𝑚𝑒 = 𝑆𝑝𝑒𝑒𝑑 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 = 343.75 𝑠𝑚3 ∗ 189𝑚
3 = 18.0 ℎ𝑜𝑢𝑟𝑠 (6.19)

If the knee height is taken as only 2 m (it might be, it is difficult to say), then the volume will be
2/3, and thus the cleaning time also, giving 12.0 hours. If the height is just 1 m, then the time will be
further reduced to 6.0 hours. Still, this is much longer than it takes to clean a hold now. If this is the
actual time it takes, without some very large improvement the concept would be much worse than the
current cleaning method since time is a very important factor at EMO. However, in the speed test the
material was very compact, frozen, and on a horizontal surface. These are about the worst possible
circumstances, so the expectation is that the cleaning time of a hold would be significantly less.

Nozzle 1 at 180 bar uses 19.7 l/m, which is 1.18 m3/h. This corresponds with a run time of 102
minutes if 2 m3 of water is present in the tanks. A 6 hour run time would use 7.1 m3 of water. Nozzle
2 at 180 bar uses 35.9 l/m, which is 2.15 m3/h. This corresponds with a run time of 56 minutes. A 6
hour run time would use 12.9 m3 of water. Nozzle 3 at 170 bar uses 24.4 l/m, which is 1.46 m3/h. This
corresponds with a run time of 82 minutes. A 6 hour run time would use 8.8 m3 of water.

Water volumes over 4 m3, when the hold is almost empty, are problematic since a large volume
of coalwater slurry will be created. If there is more material left in the hold, this water can be split
over more material making it only somewhat wetter. This problem has multiple possible solutions. The
first is to reduce the water consumption per hour, this could be done by lowering the pressure, but this
would probably extend the cleaning time. It is also possible to keep the pressure the same, but reduce
the nozzle so the volume flow decreases. Another option is to begin the hold cleaning earlier, when
the hold is not yet emptied by the grab, so there is more material to absorb the water. The final option
is to reduce the cleaning time with some sort of optimization to the water jetting.
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6.4. Conclusion
The question that this chapter has answered is the following: Does the prototype satisfy the require
ments & wishes? If the prototype satisfies the requirements can mostly be answered.

• The noise level of the equipment has not been measured but it did sound like it was below 100
dB.

• The equipment does not damage the hold.

• The water flow rate was below 30 l/min for most scenarios.

• A schematic design shows that the equipment can be placed in the hold where it is functional in
cleaning the hold (for every ship).

• The equipment has a reach of more than 20 m vertically and 3m horizontally to reach the entire
hold with the cleaning equipment inside the hold.

• The equipment has not been observed to create dangerous situations for personnel.

• It is not known if the concept will be able to clean a hold in 3 hours on average since this was not
tested. Some rough calculations suggest it is doubtful.

• The equipment can be automated such that no people have to be in the hold, however this will
take a lot of work.

If the prototype satisfies the wishes can also mostly be answered.

• No damage whatsoever was observed in the damage test.

• The crane operation is not hindered because there is nothing on the quay.

• As mentioned before, the cleaning time of a hold is unknown, but 2 hours is doubtful.

• The water jet can remove all material from the wall so the ”normal clean” standard can be attained.

• Cleaning straight stairs should not be a problem, but spiral staircases could be problematic as it
has been shown that at larger standoff distances the cleaning performance greatly diminishes.

• The fragile nozzle is relatively enclosed in the designed attachment, so the concept is quite robust.
The testing prototype however is damaged very quickly.
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7
Discussion

This chapter will discuss some of the shortcomings of this study and other notes.

The scores of the multicriteria analysis are based on developing a first prototype, so a high initial
cost can decrease in the future if for example more units are made after the design is complete. So
one could argue that if it is likely that more units will be made, the initial cost is less important than
assumed in this report.

The testing done was limited by the time available. There were two testing days possible which were
fully utilized. If there had been more time, more extensive tests could have been executed.

Since the water jet in the impact test was aimed downward, gravity was acting in the jet’s favor.
This means that when jetting horizontally or even upwards, there might be a more significant difference
in the impact force at larger distances. Also, there was some sort of oscillation during the impact test,
because while positive outliers are not very unexpected, there were also negative values recorded.

Since themeasured values in the damage test had quite a large variance under the same conditions,
the averaged values of the three measurements still have a large standard deviation and there was
no correlation visible between tests. So a larger number of measurements, or a more even paint
application, is beneficial.

The speed test has various limitations. The movement of the attachment, and the nozzle, was done
by an operator, so the movement will not be identical between tests. It was also inexact to determine
when a section was completely cleaned. The material composition between sections was also possibly
not identical, since it wasmaterial that naturally accumulated, causing differences inmaterial properties.
Also, since the night before it was freezing and later in the day the temperature climbed, this caused
the material to transition from frozen to thawed, changing the properties between tests. The speed test
is also very limited in its contribution to understanding how fast the concept would clean a hold, due to
a small and nonrepresentative area.
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Conclusion & Recommendations

The main research question was: Is it possible to clean the hold of a coal bulk carrier by machine, and
have the hold be cleaned faster and with less damage? To answer this, other questions have been
posed at the beginning and have been answered.

It has been shown that some bulkmaterial is stuck against the walls of the hold. To gain access to the
hold, first the stairs have to be cleaned manually. After that, an excavator with a steel brush is used to
remove the material from the walls, but this can cause damage. This whole process can be dangerous
for the people involved, and it is timeintensive. No specific literature has been found regarding the
cleaning of the hold of bulk carriers, but other relevant topics have been analyzed containing information
about the properties of bulk materials, silo discharge aids, and bulk material conveying methods.

Cleaning equipment consisting of low and highpressure water systems, which are used from far
away or very close, highpressure air systems, pneumatic unloaders, and vibrators have been shown.
Further, the tests of EMO have been shown which include vibrations by using a hydraulic hammer, a
plate tamper, and vibrating needles. Also an air cannon, lowpressure water hose and various me
chanical buckets and scrapers have been tested in the past.

The cleaning standard has been defined, as well as the damage costs of cleaning holds. The
safety incidents associated with the cleaning have been analyzed, and the current speed of cleaning
and physical constraints are detailed. After that, the functional specifications of the concepts have
been shown, and from this the design requirements were created, which are all split into requirements,
recommendations, and optional points.

From many ideas a final prototype concept was chosen, an excavator with a water tank and high
pressure pump mounted on the back and a nozzle at the end of an attachment. This attachment is
attached via a coupling to the excavator’s arm. Also, the steps towards an automated design are
detailed, including automatic (de)coupling, remote control and autonomous operation.

Regarding satisfying the design requirements, the noise level did not seem too high, no damage
was observed, the water flow rate was moderate, the prototype can be used for cleaning the entire
hold, the equipment has not been observed to create dangerous situations for personnel, the time to
clean a hold is still only a rough estimate, and the equipment can be automated such that no people
have to be in the hold. Further, regarding the wishes, the crane operation is not hindered, the ”normal
clean” standard can be attained, spiral staircases could be problematic at larger standoff distances
due to the cleaning performance diminishing, and the designed attachment is robust and encloses the
fragile nozzle.

However, the main research question is difficult to answer completely based on this report. Firstly,
from the testing it was evident that the water jet does not damage a paint layer. This means that a hold
can be cleaned with the prototype with no damage at all to the hold from the water jet. So the objective
to cause less damage has been amply achieved.

Secondly, the speed test gave valuable information about the relative performance of the nozzles
and standoff distances. However, the material conditions during the speed test are not comparable
to an actual dirty hold, so the data it generated and that was used in calculating the cleaning time of
an actual hold, is inexact. The actual cleaning time of a hold can most easily be tested by cleaning a
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(section of a) hold. And while the impact force did not drop much at increasing standoff distance, the
impact pressure does, and this effect was also visible in the speed test results where a greater distance
resulted in longer cleaning times. So it is uncertain how well the concept would perform on spiral stairs
in the hold where the standoff distance could be as much as 23 m. It was however also shown what
working pressure is needed to maintain the minimum impact pressure needed for cleaning.

Lastly, for there to be no need for people in the hold, a remote (de)coupling system needs to be
in place for the excavator. Similar systems as used for shipping containers are very common, so this
can probably be relatively easily implemented. Also, a remote control system for the excavator itself is
necessary, but such systems are commercially available on new models so this is also possible. The
automation of the cleaning process will be difficult, but parts of this problem have already been tackled
by the mining industry, and EMO has experience in this field so it is certainly possible.

The process of cleaning the stairs in a hold takes a lot of time and can be dangerous so a new concept
can be a safer way to deal with the problem. The current machines used in the hold are not always
usable in difficulttoreach areas e.g. stairs. The use of these machines also can result in damage to a
ship resulting in extra costs, while also damaging the reputation of EMO. The high docking costs and
potential demurrage costs, of bulk carriers also create a large financial incentive to reduce the cleaning
time. So if the concept performs well in a hold timewise, large savings can be realized, and potentially
not only for EMO. Also, the newmethod is better at cleaning the difficulttoreach last bits of material, so
a higher cleaning standard can be attained, which is good for the reputation of EMO. Since no specific
research has been done about the cleaning of large quantities of stuck material in bulk carrier holds,
this topic of study is very relevant for EMO and on a global scale and worth further investigation.

Further, the following recommendations for further research and development at EMO are proposed:

• Further research into oscillating flow, since the initial transient pressure is very large relative to
the steadystate impact pressure [120, 121].

• Can air be added to the jet to decrease the water usage without losing too much impact force?

• Are moveable nozzles better than always having to move the entire excavator boom & arm.

• Design in detail the physical systems needed for an excavator with a water jet to be untethered
and operational.

• Further testing:

– Testing more nozzle types. One nozzle shape produces a larger impact pressure than an
other [120].

– Testing more nozzle sizes. Is a bigger nozzle better? Or is too much water used? Or is a
smaller nozzle at a higher pressure better?

– Test with a more powerful pump at higher pressures, since the same impact pressure can
be created by many combinations of working pressure and volume flow [118].

– Test with jetting at the material under multiple angles, what cleans the wall the fastest?
– Investigating the effect of multiple nozzles and multiple nozzle types. Can they be combined
into a favorable combination?

– Test the cleaning performance in a hold to properly evaluate the speed. If possible, do a
direct comparison between the currently used steel brush and the new prototype by cleaning
2 holds with the same material.

– Test in a hold to see if splashback is a problem. If so, what can be done to alleviate this?

• Automation:

– Investigate how an automatic (dis)connecting system between an excavator and a quay
crane can work. Are there systems already in use at other terminals?

– See if the excavators in inventory can be outfitted with remote control systems, or if new
equipment is needed.
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– Develop a way to scan the geometry of a hold and have an excavator operate autonomously
in that hold. A first step could be to implement a remote control system so that the operator
does not have to be present in the cabin.
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Improving the cleaning process of bulk carrier holds

A. A. Oudshoorn, W. van den Bos, G. Volmer and D. L. Schott
MSc Mechanical Engineering, TU Delft

Bulk carriers load and unload large quantities of iron ore and coal at bulk terminals. The
loading and unloading process on the EMO terminal is largely automated, but for the last
5% an excavator is used to remove material stuck on stairs and walls in the hold. This
process takes many manhours, can be dangerous, and can cause damage. The research
question is: Is it possible to clean the hold of a coal bulk carrier by machine, and have the
hold be cleaned faster and with less damage? A design is made, and based on that a test is
set up. The results show that higher pressures, closer distances, and certain nozzle types
result in better cleaning, without causing damage. The conclusion is that a hold can be
cleaned by a machine with less damage, and possibly faster.

I. Introduction
Bulk carriers make up around 20% of the global mer-
chant fleet [1], and thus have a vital position in the
operations of the maritime sector. These ships load and
unload at places like the EMO terminal, where enormous
quantities of bulk solids, mostly iron ore and coal, pass
through. In every operation that involves particulate
solids, efficient storage and handling of the material is
an essential part.

The loading and unloading of bulk carriers that dock
at the EMO terminal is largely automated, but not
completely. If a ship has docked, a crane with a grab
will start digging out the hold, it can do this for 95%
of the material. For the last 5% a front loader is used
to scoop the material together in the center of the hold
so the grab can also unload this material. However,
material remains in various places such as walls and
stairs due to sticking and compaction. To clean the stairs,
personnel are using various hand tools to remove this
material. After this has happened and the access to the
bottom of the hold is clear, a front loader and excavator
can be lifted into the hold to clean the remaining material
in the hold. The excavator can be outfitted with various
attachments and is then used to clean the walls, but they
are not usable on more difficult-to-reach areas. The
process of clearing the stairs takes many manhours and
can be dangerous. Cleaning the rest of the hold is also
not without risk because the grab simultaneously works
in the hold. The machines in the hold can be used to
clean the wall, but they are not usable on areas such
as stairs. The use of these machines also can damage
the ship resulting in extra costs. The high docking and
demurrage costs also make any time savings financially
attractive.

The aim is to develop a method and/or equipment that
can clean the stairs so that people do not have to do this
task and that the time spent in the danger zone and risks

are minimized. This solution should also be able to
clean the other parts of the hold where material is stuck,
and should not damage the hold so that no extra costs
are incurred. If the stairs have been cleared and a safe
access has been created, the bottom of the hold can still
be cleaned by a local human operator in a front loader.
Making the whole cleaning process autonomous such
that no people are needed is the ultimate goal of EMO.
The research question of this report is: Is it possible to
clean the hold of a coal bulk carrier by machine, and
have the hold be cleaned faster and with less damage?

II. Design

A. Schematic design
The concept design is a CAT 329 excavator with a high-
pressure pump of at least 200 bar on board at the back.
A water tank of at least 1 m3 is also present, so that
the machine does not have a tether. In Figure 1 various
views of the design are shown, including 2 water tanks
of 1 m3 to show the size. This could be 1 tank of a
custom design. The width of the excavator is a little over
3 m [2], the water tanks 1 m, and the pump (L x W x H)
1.5 x 1 x 1.2 m so the design is roughly to scale. Hoses
are run from the water tank to the pump and from there
to the boom, arm, and finally to a custom attachment
where one or more nozzles are mounted so the material
in the hold can be removed with the water jet.

B. Cleaning attachment
The attachment is a piece of steel on which at least 1
nozzle is mounted that is connected to the pump, see
Figure 2 for a prototype design. The pipe and nozzles
are placed on the underside of an HEB 200 wide flange
beam so that when it is used in a hold and large pieces
of bulk material fall, the water pipe and nozzle are
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(a) Top view. Original image from [2]

(b) Left side view. Note: Pictured is not the exact same type of
excavator. Original image from [3]

Figure 1. Views of the design of an excavator with water
tank and high-pressure pump equipment

not damaged. Also, when it is set on the ground, the
geometry prevents contact between the nozzle and the
ground so that it will not be damaged. At the tip of the
attachment the pipe bifurcates so that multiple nozzles
can be mounted. The other end is currently simply a
steel plate, so that a coupling mechanism can be attached
to it.

Figure 2. Drawing of a concept design of the cleaning
attachment

III. Testing methodology
The practical performance of using high-pressure water
jetting for cleaning holds has been tested. There are
multiple things that are interesting to know before con-
tinuing towards a practical deployment. These are the
impact of the water jet, if the water jet does damage to a
hold, how fast it cleans, and how this all is influenced
by the pressure, standoff distance, and nozzle type.

A. General setup
In Figure 3 the equipment used is shown. This includes
the excavator attachment with a rigid pipe on it which
can be connected to a standard 3/8" high-pressure hose
and different nozzles. Also shown is the high-pressure
pump with its water tank filled with tap water. The pump
unit is located on a trailer so that it can be placed nearby.
It connects with a hose to the pipe on the attachment.
The pressure gauge of the pump is shown, which is used
to determine the pressure.

(a) Excavator attachment with
a nozzle

(b) CAT 329 excavator used for
testing

(c) High-pressure diesel pump (d) Pressure gauge on the pump

Figure 3. The general components of the testing setup

The standoff distances during testing are 0.5, 1, and
1.5 m distance. The pump that was available could,
depending on the nozzle, produce a pressure of 180 bar
or 170 bar. The pressures at which the test is done are
100, 140, and 180(/170) bar. There are 3 different nozzle
types used, see Figure 4. Nozzle 1 is just a round hole
that generates a round jet of water. It has an opening of
1.52 mm. Nozzle 2 is also a round hole, but the exit has
a slit that forms a planar jet of water that has an internal
angle of 15°. It has an opening of 2.05 mm. Nozzle 3 is
a special nozzle wherein a ball with a hole in it rotates
when water flows through it. This generates a cone of
water that has an internal angle of 20°. The opening
diameter when measured is 1.7 mm.

A datasheet gives the maximum volume flow for
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(a) Nozzle 1 (b) Nozzle 2 (c) Nozzle 3

Figure 4. Nozzle spray shapes

various pressures for the different nozzles. This data is
plotted in Figure 5. For nozzles 1 and 2 all the visible
data points are directly from the manufacturer, however
for nozzle 3 only the volume flow at 200 bar is available.
Nozzle 3 is given a similar curve as the other nozzles
using interpolation. The trendline function in Excel is
used to generate a formula for the curves of the nozzles,
with a fit quality of 𝑅2 > 0.99. This formula is then
used to generate data points at 180 bar, since the data
only specifies 175 and 200 bar.

Figure 5. The volume flow through the different nozzles
at different pressures. Nozzle 3 is interpolated data.

B. Impact test
To measure the impact of the water spray, the following
setup is used as seen in Figure 6. The force sensor is
a Phidgets CZL301 S type load cell [4], which has a
maximum capacity of 500 kg, but has been calibrated
up to 1000 N by the measuring department of the 3ME
faculty of the TU Delft. According to this department,
the accuracy of the load cell is one-thousandth of its
measuring range, which with this calibration means 1
N. The ADC is a National Instruments USB-6002 [5],
and the signal conditioner is a Scaime CPJ [6]. The
load cell is mounted to a steel table with dimensions
of (W x L x H) 1000 x 1100 x 550 mm with an M12
bolt. On top of the load cell a 580 x 580 x 2 mm steel

interface plate is mounted also with an M12 bolt. The
excavator attachment is lifted vertically above the plate
that is mounted to the load cell, and the water jet is
centered on the plate by eye. The water jet is maintained
for approximately but at least 10 seconds during which
the load cell output is measured. Every 100 ms a data
point is saved, resulting in 110 to 140 data points. To
zero the data later, 10 seconds of data is gathered of only
the weight of the plate without a water jet. The average
value of this measurement can then be subtracted from
the data that is measured during jetting, giving the net
impact force.

(a) Measuring electronics (b) Testing

(c) Load cell mounted between
a table and a plate

(d) Table with the force measur-
ing plate

Figure 6. Impact measuring setup

C. Damage test
This test is meant to evaluate the damage done by a water
jet to the paint of a hold. This is done by using a water
jet on a painted surface and measuring the thickness of
that paint layer. Before the jetting, the control thickness
of the layer of paint is measured. This is done with
an ultrasonic thickness gauge as seen in Figure 7. The
measuring of the layer is done in 3 locations, to give
an average value. The water jet is aimed at a painted
steel plate that lies on the ground, the paint is a typical
heavy-duty outdoor type paint that is used at EMO. The
test is done only at 180 bar (170 bar for nozzle 3), since
that would be most likely to damage the paint. During
10 seconds the plate is subjected to the water jet, after
which the layer thickness is measured again to see if the
layer is thinner. Then the distance is decreased from
1.5 m to 1 m, to increase the chance of damage. The
thickness is measured again and the distance is decreased
a final time to 0.5 m and the layer thickness is measured
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a final time. This process is repeated for every nozzle,
which are all tested on a new and identical plate.

(a) Ultrasonic thickness
gauge [7]

(b) Jetting during damage testing

Figure 7. Damage testing setup

D. Speed test

This test is done to see the relative speed of cleaning
using different nozzles and distances. The test is done
only at 180 bar (170 bar for nozzle 3), because that
pressure would most likely give the shortest cleaning
times. Doing the test in an actual hold of a docked bulk
carrier is not possible due to tight scheduling at EMO,
so as an alternative a section of sheet pile wall is used,
see Figure 8. The filled sections of the sheet pile wall
have dimensions of (L x H x W) 800 x 800 x 300 mm
approximately. They are filled with a mixture of coal
and iron ore. Every pressure & nozzle combination is
used to clean one section of the sheet pile wall, and
the time this takes is measured. The excavator (and its
attachment) is moved by an operator so that the whole
section is hit with the water jet.

(a) Filled sheet pile wall section (b) Excavator cleaning section
of sheet pile wall

Figure 8. Speed testing setup

IV. Testing Results

A. Impact test results
In Figure 9a the measured impact force over time of noz-
zle 1 at a pressure of 180 bar at 0.5 m distance, is plotted.
In the same figure is the calibration measurement of the
setup plotted, this is only the weight of the test setup
without any water. It can be seen that the calibration
signal has much less variance than the measurement
using water, so the variance is a physical property of the
setup. In Figure 9b the actual impact force, which is the
measured forces minus the average calibration value, is
plotted. Here the variation in the measurement becomes
much more apparent.

(a) The measured force (b) The net impact force

Figure 9. The measured impact force and the net impact
force over time of nozzle 1, 180 bar at 0.5 m. The time
between measurement points is 100 ms, the total measured
time is 10 s.

It can be seen in Figure 10 that there is very little
difference in the force between 0.5 m and 1 m using
nozzle 1. However, at 1.5 m the force decreases, more
so at 140 and 180 bar. There is a slight downward
trend for increasing distance when using nozzles 2 and
3 with some exceptions e.g. nozzle 3 at 140 and 170 bar
between 1 m and 1.5 m.

Figure 10. Average impact force for various distances

The impact force always trends upwards for increasing
pressure in Figure 11. For nozzles 1 and 3 this is almost
linear, but for nozzle 2 a bit less between 140 and 180
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bar. It can be seen that nozzle 2 has the largest force
at all distances at all pressures, with nozzles 1 and 3
having similar results at 0.5 m and at 1 m. But at 1.5 m
the force of nozzle 1 is significantly smaller.

Figure 11. Average impact force for various pressures

Only looking at the impact force does not paint a
complete picture. When a greater standoff distance is
used, the force seems to largely remain the same. This
force is however spread over a larger area due to the
internal angle of the core water jet (measured as 1°) and
the angle of the spray pattern. The impact area of nozzle
1 is a circle, nozzle 2 is a rectangle, and nozzle 3 is a
ring. The impact area is plotted against the distance in
Figure 12.

Figure 12. Impact area of the nozzles for various distances.
Note: A logarithmic y-axis is used.

In Figure 13 the impact pressure of the different
nozzles is plotted against the standoff distance. It can
be seen that nozzle 1 has the highest pressures, then
nozzle 2 and lastly nozzle 3. This is logical, since this is

also the order of increasing impact area, and thus lower
pressures. Also, for increasing distance the absolute
difference between the impact pressure decreases, while
the relative difference in impact pressure stays the same.

Figure 13. Average impact pressure force for various
distances. Note: A logarithmic y-axis is used.

In Figure 14 the impact pressure of the different
nozzles is plotted against the working pressure. It can be
seen that increasing working pressure causes increasing
impact pressure at the same distance. This is consistent
with earlier data, since it was shown that increasing
working pressure caused increasing impact force.

Figure 14. Average impact pressure force for various
pressures. Note: A logarithmic y-axis is used.

B. Damage test results
Figure 15 shows the measured average layer thickness
during the damage tests. The order of tests of a painted
steel plate is from left to right. First, the reference is
measured, then after water jetting at 1.5 m, then at 1 m,
and finally at 0.5 m. Also shown is the standard deviation
of the sample values measured. While there is some
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variation in the layer thickness between measurements,
there is no significant decrease in layer thickness for any
nozzle, and thus no damage to the paint.

Figure 15. Average paint layer thickness after water
jetting at decreasing distances

C. Speed test results
In Figure 16 the cleaning times of all the nozzles and
distances are shown. Nozzle 1 was effective in clean-
ing the section. A larger standoff distance caused the
cleaning time to increase for nozzle 1 from just above
60 seconds to over 3 minutes.

The cleaning times of nozzle 2 are a lot higher than
those of nozzle 1. At 1.5 m distance the nozzle was not
able to clean the section completely. It is unexpected
that the cleaning time at 1 m is shorter than at 0.5 m. The
material subjected to nozzle 2 at a distance of 1 meter
seemed quite soft during the test, this could explain
the shorter time for this measurement. The tests were
started in the morning when the outside temperature
was just below freezing, while later it was thawing.

The cleaning times of nozzle 3 are for every standoff
distance 240 s, because it could not clean the sections
of sheet pile wall. At 0.5 m some material has been
removed, but at the other distances very little difference
is seen.

Figure 16. The time it takes to clean a section of sheet pile
wall. Results of 240 s are at the cutoff time of measuring.

V. Discussion
The testing was limited by the time available. There
were two testing days possible which were fully utilized.
If there had been more time, more extensive tests could
have been executed.

Since the water jet in the impact test was aimed
downward, gravity was acting in the jet’s favor. This
means that when jetting horizontally or even upwards,
there might be a more significant difference in the impact
force at larger distances. Also, there was some sort of
oscillation during the impact test, because while positive
outliers are not very unexpected, there were also negative
values recorded.

Since the measured values in the damage test had
quite a large variance under the same conditions, the
averaged values of three measurements still have a large
standard deviation and there was no correlation visible
between tests. So a larger number of measurements, or
a more even paint application, is beneficial.

The speed test has various limitations. The movement
of the attachment, and the nozzle, was done by an
operator, so the movement will not be identical between
tests. It was also inexact to determine when a section was
completely cleaned. The material composition between
sections was also possibly not identical, since it was
material that naturally accumulated, causing differences
in material properties. Also, since the night before it was
freezing and later in the day the temperature climbed, this
caused the material to transition from frozen to thawed,
changing the properties between tests. The speed test
is also limited in its contribution to understanding how
fast the concept would clean a hold, due to a small and
non-representative area.

VI. Conclusions & Recommendations
The main research question was: Is it possible to clean
the hold of a coal bulk carrier by machine, and have the
hold be cleaned faster and with less damage? However,
the main research question is difficult to answer.

Firstly, from the testing it was evident that the water
jet does not damage a paint layer. This means that a
hold can be cleaned with the concept with no damage
at all to the hold from the water jet. So the objective to
cause less damage has been amply achieved.

Secondly, the speed test gave valuable information
about the relative performance of the nozzles and stand-
off distances. However, the material conditions during
the speed test are not comparable to an actual dirty hold,
so the data it generated and that was used in calculating
the cleaning time of an actual hold is inexact. The actual
cleaning time of a hold can most easily be tested by
cleaning a (section of a) hold. And while the impact
force did not drop much at increasing standoff distance,
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the impact pressure does, and this effect was also visible
in the speed test results where a greater distance resulted
in longer cleaning times. So it is uncertain how well the
concept would perform on spiral stairs in the hold where
the standoff distance could be as much as 2-3 m. It was
however also shown what working pressure is needed
to maintain the minimum impact pressure needed for
cleaning.

Lastly, for there to be no need for people in the hold,
a remote (de)coupling system needs to be in place for
the excavator. Similar systems as used for shipping
containers are very common, so this can probably be
relatively easily implemented. Also, a remote control
system for the excavator itself is necessary, but such
systems are commercially available on new models so
this is also possible. The automation of the cleaning
process will be difficult, but parts of this problem have
already been tackled by the mining industry, and EMO
has experience in this field so it is certainly possible.

The process of cleaning the stairs in a hold takes a
lot of time and can be dangerous so a new concept can
be a safer way to deal with the problem. The current
machines used in the hold are not always usable in
difficult-to-reach areas e.g. stairs. The use of these
machines also can result in damage to a ship resulting in
extra costs, while also damaging the reputation of EMO.
The high docking costs, and potential demurrage costs,
of bulk carriers also create a large financial incentive to
reduce the cleaning time. So if the concept performs
well in a hold time-wise, large savings can be realized,
and potentially not only for EMO. Also, the new method
is better at cleaning the difficult-to-reach last bits of
material, so a higher cleaning standard can be attained,
which is good for the reputation of EMO. Since no
specific research has been done about the cleaning of
large quantities of stuck material in bulk carrier holds,
this topic of study is very relevant for EMO and on a
global scale and worth further investigation.

Further, the following recommendations for further
study are proposed:

• Further research into oscillating flow, since the
initial transient pressure is very large relative to the
steady-state impact pressure [8, 9].

• Can air be added to the jet to decrease the water
usage without losing too much impact force?

• Are moveable nozzles better than always having to
move the entire excavator boom & arm.

• Further testing:
– Testing more nozzle types.
– Testing more nozzle sizes. Is a bigger nozzle

better? Or is too much water used?
– Test with a more powerful pump at higher

pressures.
– Test with jetting at the material under multiple

angles, what cleans the wall the fastest?
– Investigating the effect of multiple nozzles and

multiple nozzle types.
– Test the cleaning performance in a hold to

properly evaluate the speed.
– Test in a hold to see if splashback is a problem.

• Automation:
– Investigate how an automatic (dis)connecting

system between excavator and shore crane can
work.

– Develop a way to scan the geometry of a hold
and have an excavator operate autonomously
in that hold.
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B.1. Multicriteria analysis scores

(a) MCA scores of cleaning method of Yolt Oudshoorn

(b) MCA scores of cleaning method of Geert Volmer

(c) MCA scores of cleaning method of Fred Leurs

Figure B.1: Individual MCA scores of cleaning method
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(a) MCA scores of reaching method of Yolt Oudshoorn

(b) MCA scores of reaching method of Geert Volmer

(c) MCA scores of reaching method of Fred Leurs

Figure B.2: Individual MCA scores of reaching method
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B.2. Testing raw data
B.2.1. Impact test
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Calibration n1p100x0.5 n1p140x0.5 n1p180x0.5 n2p100x0.5 n2p140x0.5 n2p180x0.5 n3p100x0.5 n3p140x0.5 n3p170x0.5 n1p100x1 n1p140x1 n1p180x1
97.754 117.856 141.636 159.705 116.630 138.571 161.447 130.859 165.190 185.13 133.86 138.248 150.509
98.464 122.405 127.439 128.310 128.439 128.278 157.414 129.407 119.727 132.698 119.856 158.543 140.313
97.529 119.276 114.371 129.601 147.347 150.154 150.412 115.985 159.221 150.541 118.017 137.054 123.696
97.593 131.892 141.797 152.219 129.375 136.280 167.642 134.957 137.893 150.896 129.439 122.889 150.864
99.142 127.891 151.767 134.150 118.308 136.990 154.607 131.182 122.470 116.081 127.181 128.02 127.536
96.883 135.473 139.700 120.502 153.219 147.605 163.448 113.500 124.600 148.476 129.536 142.636 124.729
98.367 140.378 133.215 167.094 129.310 138.732 179.032 124.729 149.896 119.566 125.793 130.02 140.119
98.174 121.567 130.988 105.014 109.564 136.183 153.606 120.018 142.894 140.829 118.082 131.795 144.249
99.077 118.372 135.441 165.545 159.479 147.670 155.478 131.311 123.373 153.542 116.694 113.597 134.408
96.625 117.985 109.112 154.220 115.597 146.185 150.606 120.792 128.794 116.694 135.247 125.019 150.057
98.69 126.697 127.278 154.445 114.145 118.727 163.544 130.020 124.503 161.06 144.378 134.796 138.248
97.819 132.505 126.471 150.864 142.023 152.187 169.933 117.469 123.890 123.696 127.181 138.409 119.372
98.497 120.276 129.407 148.928 131.085 122.599 151.735 142.313 157.478 161.77 134.57 154.155 144.378
98.787 125.955 112.887 176.418 133.247 144.992 152.477 115.856 131.440 167.578 138.829 165.835 151.671
97.916 119.792 148.670 113.694 127.826 138.506 147.670 125.471 151.671 127.987 103.853 149.928 172.417
93.915 91.592 130.246 124.793 156.349 140.313 138.377 134.796 113.145 181.129 134.086 106.498 159.898
102.013 126.374 127.310 149.218 135.731 152.768 157.478 140.797 141.475 111.919 120.631 136.667 158.93
98.69 113.565 127.503 128.955 119.405 139.668 150.832 125.793 149.735 134.505 120.889 126.955 151.445
98.561 114.049 119.986 182.549 154.413 154.768 172.740 123.244 126.761 166.706 122.793 145.637 129.439
98.529 137.506 118.211 144.540 120.308 141.120 162.770 132.860 164.480 146.702 126.471 136.344 135.925
98.755 124.309 138.764 130.569 122.470 138.183 131.020 141.862 121.986 170.804 113.436 130.924 184.001
98.884 117.824 141.475 152.445 138.409 134.376 146.798 139.442 149.412 159.931 132.795 142.443 129.956
98.077 135.505 125.729 106.402 127.503 137.732 144.443 112.403 133.634 196.423 136.215 120.663 149.864
98.561 151.445 130.762 125.632 128.407 141.636 151.800 143.959 121.115 135.215 115.307 139.377 153.026
97.593 132.279 156.930 131.408 135.860 131.601 161.673 148.025 119.502 129.568 127.858 151.122 170.675
96.915 129.698 130.472 146.089 136.990 156.155 134.408 107.757 141.475 185.324 115.759 124.729 148.767
98.303 119.502 129.181 165.480 124.793 154.768 158.769 140.603 133.602 145.863 128.633 122.535 123.986
95.431 134.860 163.867 122.470 124.374 142.281 157.414 123.793 132.860 164.932 130.956 111.306 152.961
100.497 125.890 146.863 148.638 133.989 131.117 148.379 131.892 130.246 137.28 122.373 141.345 133.731
98.98 108.692 136.409 144.443 131.633 142.410 170.417 121.437 118.275 132.731 139.055 150.477 154.478
97.174 122.728 123.083 114.242 123.115 157.995 119.018 120.663 155.542 163.835 119.05 100.755 141.152
97.883 112.823 129.827 127.600 160.737 158.124 155.349 128.697 126.987 111.403 125.438 137.345 169.062
102.917 125.987 143.507 141.636 127.858 138.119 181.581 121.986 126.826 134.376 127.342 145.121 159.027
98.561 125.858 156.381 166.900 121.986 145.959 141.507 118.179 122.986 161.802 105.466 150.283 149.283
97.658 115.210 149.186 121.050 148.702 154.994 147.379 125.503 149.638 107.918 126.6 135.215 127.116
97.593 126.890 155.317 111.177 135.602 153.865 162.028 132.634 127.084 145.798 116.823 158.511 164.061
98.916 120.308 112.758 153.316 127.762 139.506 150.928 121.083 120.889 121.276 113.758 123.341 148.186
94.496 120.340 149.767 148.347 135.570 152.864 157.317 126.116 160.770 128.73 122.115 132.247 132.634
97.754 125.374 126.955 155.510 139.764 137.345 157.672 122.405 103.046 177.386 116.694 125.471 150.186
98.626 136.602 152.864 172.353 120.599 148.734 130.730 114.920 123.309 119.405 124.858 136.344 136.667
97.819 133.279 121.405 127.503 144.927 140.378 171.933 132.247 135.667 135.344 111.338 148.121 161.673
98.626 139.829 143.604 144.024 125.858 139.668 146.960 140.442 127.536 164.9 118.985 147.928 153.123
97.399 117.566 128.213 133.279 115.049 141.700 177.870 134.731 182.775 162.544 118.146 136.925 135.021
98.174 119.953 127.278 132.311 133.021 129.923 130.859 121.405 136.796 162.221 120.018 117.404 174.224
99.497 126.858 120.373 133.053 148.250 142.636 142.894 138.022 145.863 122.631 118.953 136.344 146.476
98.303 122.083 141.249 144.508 130.536 137.119 167.836 129.084 127.633 162.383 128.084 148.573 132.795
96.722 122.986 133.408 169.675 135.054 139.474 134.182 131.375 135.796 138.926 118.275 140.087 157.123
98.335 107.273 118.017 113.984 146.250 140.732 159.898 122.470 138.538 155.091 136.506 137.861 148.121
96.915 121.244 153.671 159.608 140.668 156.285 159.447 121.986 157.930 145.508 126.116 139.022 152.251
97.69 122.825 142.572 164.738 123.438 140.603 155.833 127.439 95.593 113.081 122.76 127.891 147.218
97.045 110.725 134.053 114.242 139.119 143.346 168.126 135.764 139.603 157.575 145.83 155.607 160.221
99.723 143.346 153.897 177.967 129.698 141.475 149.831 123.890 150.477 144.185 127.052 146.411 154.09
100.142 125.019 133.215 123.341 112.500 158.834 149.864 125.568 162.641 134.957 117.275 110.467 129.698
97.27 135.667 138.442 153.961 143.120 142.668 128.439 135.183 136.506 159.35 128.149 144.798 130.117
97.69 134.925 124.374 158.995 122.180 151.445 140.603 119.308 144.798 132.924 121.147 129.246 169.094
96.657 127.342 145.185 139.539 128.278 150.993 150.186 126.535 108.209 165.545 134.763 153.348 130.117
97.529 137.699 135.796 152.509 122.535 145.217 150.541 120.921 126.439 108.467 129.536 149.025 129.73
98.367 125.309 148.831 151.541 133.376 141.797 164.964 117.307 135.150 137.538 122.341 152.961 129.956
97.916 130.440 110.854 153.187 122.147 148.444 150.735 125.213 148.605 145.217 127.374 153.703 146.411
98.013 129.407 138.054 155.994 127.955 136.538 161.479 110.177 135.215 151.703 103.949 124.987 142.023
98.884 124.664 151.380 138.313 146.605 163.706 161.673 130.633 129.439 171.224 129.601 140.152 125.729
99.464 124.116 120.921 149.541 117.437 151.316 145.863 139.119 135.860 180.355 131.311 149.864 120.115
98.142 118.469 140.410 139.506 123.502 144.637 161.221 140.378 125.342 164.996 133.311 139.603 114.145
99.594 128.020 119.050 136.893 151.154 143.217 162.673 126.342 152.832 130.827 137.119 144.959 132.085
96.915 109.241 129.117 158.414 127.503 145.056 154.768 133.311 115.017 131.343 129.601 113.016 120.502
98.238 121.244 146.766 115.178 118.275 131.246 154.155 132.698 137.248 143.475 127.503 123.696 137.667
97.625 116.243 99.368 166.868 158.221 131.795 141.991 143.378 140.345 155.284 119.179 146.218 144.766
97.561 120.115 164.093 164.964 134.989 152.187 152.961 127.568 119.082 152.993 113.403 139.313 133.085
98.755 122.147 147.379 159.253 121.889 137.474 147.411 123.244 157.123 147.089 138.377 134.021 116.92
99.464 131.730 127.019 156.123 133.085 144.217 164.125 128.181 140.087 125.89 132.182 138.506 137.345
97.754 134.828 119.147 123.051 139.216 149.444 130.698 125.406 166.448 169.126 132.634 132.537 169.836
97.754 122.535 142.475 146.766 101.465 140.507 156.026 124.277 123.309 109.951 143.894 140.216 126.665
97.206 128.730 153.800 146.250 143.023 136.796 146.282 123.115 129.472 158.866 128.6 119.953 142.797
98.206 120.018 105.498 154.607 140.894 136.022 160.318 117.404 148.638 144.83 119.695 165.835 148.412
100.078 109.660 141.991 151.154 122.083 131.343 159.253 126.245 126.987 126.568 120.276 150.703 151.025
97.464 126.890 133.989 124.406 128.988 137.054 143.185 139.022 138.313 126.665 112.08 140.829 165.351
96.819 116.920 130.633 178.129 133.537 166.771 158.866 104.562 155.349 149.735 132.892 133.666 131.472
98.593 133.344 167.771 145.346 134.312 133.279 125.084 129.020 101.336 150.961 118.792 124.922 187.002
97.593 128.471 115.436 137.570 118.953 130.278 140.410 131.698 152.251 127.536 126.148 125.697 137.861
100.529 114.178 146.540 146.024 142.313 146.540 139.894 111.984 136.280 125.697 128.439 145.572 156.026
97.948 137.441 136.506 131.117 138.732 142.830 154.478 133.957 138.474 128.407 110.532 136.861 156.93
98.432 114.210 114.662 167.287 113.629 149.831 163.351 129.665 167.642 145.153 120.373 137.054 155.51
98.626 136.893 148.412 162.544 141.184 149.896 138.926 134.666 110.951 154.833 97.109 117.888 160.866
97.464 119.372 129.665 130.020 138.861 164.577 141.829 122.760 151.219 174.741 115.339 142.927 134.441
97.399 121.889 137.441 146.250 113.436 144.443 147.670 133.957 109.757 156.93 128.6 157.543 125.374
97.238 109.983 144.604 114.920 135.247 139.022 161.092 134.602 161.189 138.732 122.922 131.311 129.73
97.593 106.821 130.601 144.637 137.958 143.669 132.117 123.277 120.050 168.965 129.762 131.601 179.58
99.948 118.405 154.929 158.027 114.178 150.186 169.772 140.765 136.377 132.376 127.665 111.177 144.153
97.883 123.632 144.959 134.957 133.731 144.378 150.832 110.048 153.187 138.635 119.921 139.926 153.606
97.109 118.114 136.473 158.027 141.733 165.351 142.765 127.955 114.726 157.737 125.18 145.605 129.665
98.174 122.696 121.986 134.634 113.113 134.828 142.604 141.507 136.635 141.281 122.793 143.346 137.829
96.625 124.148 115.985 165.771 122.857 153.897 125.019 137.764 158.834 133.731 128.31 133.053 156.607
97.787 130.988 121.631 136.022 137.119 141.313 160.737 129.698 136.538 137.829 119.856 134.796 134.86
98.529 129.988 139.377 122.922 128.052 145.282 131.053 125.084 148.347 119.889 121.76 132.827 148.67
98.238 127.826 137.603 181.097 104.530 123.502 154.671 134.086 108.305 157.156 117.469 135.86 166.061
97.754 153.961 97.722 110.790 150.638 136.022 162.705 126.955 143.862 148.025 122.728 120.599 152.993
97.045 122.147 124.309 137.183 127.213 143.927 166.835 119.147 169.449 158.995 115.856 147.541 139.829
96.625 118.308 143.314 183.130 128.471 136.667 169.675 135.150 113.726 163.48 119.437 126.729 118.437
101.045 139.829 145.282 133.892 141.991 146.121 131.246 128.762 134.666 150.283 126.923 150.315 159.672
98.432 125.116 118.372 153.284 125.148 139.635 156.672 143.023 119.598 147.831 126.148 137.474 143.54

Table B.1: Impact force part 1/2

Report number: 2021.MME.8610
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n2p100x1 n2p140x1 n2p180x1 n3p100x1 n3p140x1 n3p170x1 n1p100x1.5 n1p140x1.5 n1p180x1.5 n2p100x1.5 n2p140x1.5 n2p180x1.5 n3p100x1.5 n3p140x1.5 n3p170x1.5
134.828 165.48 152.219 129.439 126.987 144.088 113.887 128.052 148.831 127.471 146.185 143.572 140.184 153.123 151.187
143.185 118.759 151.541 124.503 138.183 159.769 134.473 115.597 122.276 126.051 157.769 171.353 115.856 123.986 130.956
136.022 179.806 153.8 129.988 132.505 111.177 99.013 157.059 148.605 133.731 157.672 124.567 136.764 163.222 160.608
133.698 149.283 134.666 141.765 142.539 163.802 143.346 123.696 100.207 123.341 146.96 156.414 137.99 105.143 144.54
135.731 128.568 152.187 106.66 129.568 125.051 120.018 149.218 124.116 146.605 142.313 135.376 111.177 162.673 140.119
124.051 156.833 180.484 136.409 134.053 151.671 112.435 130.633 143.83 123.857 142.378 157.704 119.534 127.116 159.995
122.115 128.31 109.306 116.404 130.666 145.863 138.054 138.409 120.405 123.148 137.764 159.672 129.504 131.73 136.602
132.795 159.737 165.158 119.824 139.087 130.214 121.502 130.924 138.603 148.734 163.125 136.344 124.341 161.673 156.639
127.6 136.602 161.641 119.598 121.567 155.026 121.631 120.47 130.02 110.919 148.218 180.194 125.729 102.949 121.792
119.147 144.12 116.823 141.313 147.379 140.7 125.793 141.894 153.187 137.086 158.511 122.631 126.245 158.801 134.537
150.348 148.702 179.968 125.471 124.987 135.247 115.985 127.019 149.476 145.83 129.084 177.096 140.7 123.986 165.803
124.406 149.154 108.66 139.571 145.056 156.962 122.373 98.755 119.727 110.822 161.253 146.314 131.763 139.506 144.54
138.571 146.992 191.099 119.921 134.989 140.023 116.178 150.574 126.406 149.541 133.892 131.02 106.176 151.283 141.12
127.407 146.992 144.153 124.825 141.636 154.671 107.725 103.982 90.817 131.601 152.284 185.421 132.956 147.734 171.224
136.828 138.248 150.767 137.538 128.923 142.701 126.406 150.799 131.956 128.213 150.864 114.726 131.149 120.76 135.828
128.794 145.766 163.738 124.18 139.41 153.542 105.046 136.861 148.057 130.795 138.603 157.833 91.656 168.384 183.517
113.694 151.735 135.118 131.859 123.212 131.956 128.568 118.663 125.987 127.116 151.025 177.031 149.186 94.818 128.697
158.575 143.862 166.029 130.859 127.633 158.511 121.567 133.053 132.989 140.862 129.407 107.434 117.404 155.22 138.635
105.627 140.248 150.348 124.083 144.378 136.506 115.049 127.955 134.376 125.793 168.546 148.347 142.249 105.272 156.188
159.124 141.765 165.158 136.312 117.566 149.735 131.666 134.796 132.537 132.505 136.183 164.512 122.889 154.252 136.183
134.86 132.989 168.158 117.759 151.961 152.058 114.92 128.181 135.86 130.052 147.218 129.02 112.468 128.6 160.382
107.402 151.154 149.896 129.665 125.245 137.506 130.666 127.6 114.404 126.665 152.025 170.191 124.567 124.18 139.958
151.832 138.345 165.125 121.76 136.506 144.766 113.048 129.665 152.864 119.179 129.536 149.315 119.276 147.282 140.991
123.244 161.802 166.416 127.923 132.731 162.092 129.794 128.6 127.342 136.247 151.219 143.314 115.468 128.439 151.703
136.602 123.599 145.669 131.149 134.441 140.474 129.214 111.855 115.856 97.045 133.537 155.833 137.054 134.247 137.119
120.986 153.252 131.73 110.241 126.084 147.734 121.567 135.699 141.733 168.029 154.607 133.344 113.887 124.374 127.245
133.795 157.898 172.772 137.829 134.118 132.569 125.084 111.5 119.663 104.53 137.312 152.025 125.148 136.022 172.998
126.439 136.602 135.441 125.213 141.829 145.863 132.731 124.245 142.378 124.503 151.283 180.097 142.83 126.535 122.438
118.856 154.316 152.832 124.019 127.31 144.282 109.047 138.764 113.726 144.249 140.862 134.408 92.915 157.898 170.482
146.282 131.956 169.868 140.442 144.959 137.119 123.115 111.274 138.764 96.883 133.053 163.738 130.666 123.341 146.411
121.502 130.601 126.6 125.535 122.857 143.927 112.177 130.924 131.117 131.149 168.61 131.537 114.952 159.188 136.635
119.276 153.639 177.064 123.502 152.961 153.187 109.919 121.728 111.693 123.664 121.663 163.48 123.954 119.631 157.575
112.984 129.956 166.222 131.666 122.535 142.701 121.76 109.047 114.533 129.827 149.606 123.793 130.44 142.184 133.731
150.477 171.837 123.696 110.983 141.216 162.641 126.632 121.405 147.766 123.567 141.475 155.188 119.792 135.021 154.994
120.115 155.542 175.87 148.444 139.345 132.731 118.921 120.631 122.599 127.149 137.054 170.352 119.114 133.505 139.603
128.439 128.536 149.831 124.148 125.955 157.091 133.505 132.021 146.573 151.445 146.379 136.828 126.31 134.344 170.643
139.474 142.346 161.479 125.148 138.119 153.897 111.467 130.214 147.153 102.336 156.769 173.514 112.887 155.478 145.605
105.24 147.024 142.959 126.535 127.923 134.796 128.02 134.279 114.468 148.831 125.277 135.086 109.306 138.151 127.439
140.345 158.091 154.123 112.693 146.508 168.094 119.921 121.534 137.441 134.666 165.254 157.317 113.5 118.695 148.412
121.986 138.796 136.28 135.183 119.018 133.376 130.44 105.046 131.537 110.435 163.835 168.32 137.054 133.44 138.087
141.733 148.928 174.321 123.244 138.99 152.542 133.763 138.313 128.988 109.338 118.921 146.347 106.95 125.471 154.284
111.08 148.896 161.124 126.277 119.114 155.93 89.398 119.534 116.178 149.283 178.774 133.989 119.34 125.664 127.439
135.731 158.995 155.575 129.536 136.602 114.371 117.017 108.112 144.249 124.535 147.799 142.991 133.085 147.282 166.739
151.703 155.833 154.381 116.985 138.087 172.934 135.505 118.437 148.896 128.6 141.539 133.763 95.076 127.019 147.895
108.757 145.25 161.834 128.084 126.116 135.473 122.147 121.115 124.18 143.443 174.418 176.773 143.54 137.829 144.927
135.925 140.313 173.256 119.76 145.798 135.28 132.763 117.566 129.827 113.21 115.081 138.022 104.078 142.217 154.736
131.246 140.926 151.703 131.311 100.432 176.741 111.596 126.858 140.926 140.442 150.993 148.638 132.537 123.954 145.701
125.084 138.345 155.801 118.695 167.029 104.756 115.791 139.313 129.278 125.503 147.024 136.99 140.345 117.727 151.638
128.084 154.994 154.736 126.051 101.239 175.773 107.37 135.925 138.248 129.859 133.795 130.311 106.24 134.537 138.99
129.343 150.412 145.25 131.02 140.571 137.635 108.789 118.017 126.051 122.793 160.737 179.355 136.764 149.702 159.188
133.86 132.408 154.123 121.244 134.602 132.117 119.76 141.313 118.598 126.084 152.348 103.24 120.437 112.532 137.441
111.564 169.998 147.702 112.887 110.048 160.35 124.212 101.142 148.767 150.09 134.989 181.742 131.633 176.193 143.54
141.055 140.926 176.515 146.476 142.83 111.209 123.277 128.633 125.342 101.11 144.024 145.379 121.341 113.339 163.932
137.409 139.732 149.347 118.372 126.245 162.157 124.212 112.919 146.831 149.057 151.251 152.735 114.629 148.154 139.151
113.436 163.544 152.348 136.861 130.182 149.573 119.856 122.051 124.922 130.44 122.76 180.194 129.504 111.822 152.671
145.734 128.633 156.188 122.889 144.411 130.569 118.275 128.213 128.762 97.206 171.095 138.506 120.05 130.827 145.024
131.408 148.347 140.023 116.339 122.115 168.158 112.113 120.179 158.608 164.48 121.437 146.895 120.986 134.892 133.892
138.442 147.379 164.803 138.99 129.762 132.956 124.116 119.566 108.079 108.176 163.77 145.766 116.598 130.407 166.061
114.565 130.472 133.344 109.725 153.252 148.605 125.245 130.246 157.188 135.473 147.508 145.992 134.731 139.474 134.312
134.57 159.447 168.255 127.762 109.144 148.379 127.955 115.113 135.764 136.538 135.505 179.258 110.403 148.638 146.411
114.888 123.277 147.734 138.087 148.831 126.826 119.631 130.536 117.178 125.438 162.996 139.668 147.508 137.732 157.091
121.825 143.991 146.056 110.79 127.245 154.897 121.47 128.181 130.117 131.117 136.957 151.477 113.597 149.38 143.733
155.091 149.864 153.348 145.734 124.083 118.469 129.956 121.405 123.825 119.727 121.018 154.381 127.6 130.859 152.897
123.632 136.957 178.419 107.337 160.834 174.547 110.983 145.443 141.733 136.731 153.413 132.376 127.052 147.024 160.834
107.789 156.091 160.673 148.863 116.953 116.727 128.73 115.436 149.573 115.856 113.21 176.87 110.467 124.761 132.537
149.638 140.248 160.737 118.727 159.608 148.541 107.241 114.113 132.666 153.51 156.155 127.923 143.475 147.831 163.802
129.31 170.159 161.479 122.986 130.375 150.928 114.662 106.563 119.986 128.859 163.77 139.571 99.013 158.575 141.571
119.018 117.662 156.639 124.6 133.053 148.218 107.241 98.497 144.766 117.566 141.7 178.677 148.96 108.273 140.603
138.183 154.897 163.577 120.276 141.249 119.76 122.341 122.212 130.311 142.83 157.962 99.594 119.018 181.807 148.508
131.73 146.669 132.666 131.988 118.308 147.992 125.309 137.958 133.053 125.535 142.797 213.169 125.6 97.238 157.414
126.632 157.123 173.031 129.278 143.604 151.8 98.948 114.565 127.923 133.828 140.7 81.621 130.311 163.577 144.217
117.017 159.802 149.347 125.438 124.18 129.73 131.343 148.67 130.407 137.377 135.312 160.705 114.726 120.018 148.283
159.705 130.698 165.9 128.342 144.153 142.83 113.468 109.08 143.798 141.765 159.156 143.733 131.085 148.573 136.312
109.37 167.513 145.734 123.793 122.502 125.826 135.893 140.378 137.28 128.988 142.249 138.667 112.758 139.216 144.927
119.76 142.088 128.471 123.728 136.957 156.93 134.15 101.788 129.568 124.212 145.895 179.355 107.821 150.928 157.414
142.088 142.862 160.931 129.536 142.991 157.317 120.244 110.725 139.184 156.575 155.93 103.498 137.99 154.639 127.245
122.599 147.057 139.894 136.183 146.508 123.761 124.277 137.441 120.695 108.467 127.374 165.964 121.954 138.635 155.381
113.436 133.763 146.605 114.307 128.052 148.089 132.214 126.89 148.96 152.606 132.279 135.473 121.179 160.737 153.09
158.543 149.444 158.317 144.217 148.315 129.02 112.145 135.505 123.728 133.989 175.225 141.894 136.377 112.435 147.895
113.113 152.703 147.895 119.631 146.218 146.089 121.308 156.22 115.372 110.661 113.629 142.83 130.504 172.353 146.992
143.152 150.799 147.863 115.694 115.017 139.055 129.407 110.564 153.09 152.348 158.479 172.353 107.821 121.341 138.829
135.215 111.855 157.317 124.987 157.091 147.96 117.275 142.023 130.73 115.92 146.314 123.18 134.828 149.057 139.216
117.469 160.156 155.349 99.884 123.083 144.572 125.6 120.695 126.697 113.855 123.244 181.71 112.597 133.408 159.059
136.118 145.25 123.922 142.152 142.475 143.54 120.534 104.885 128.665 126.6 182.872 116.049 131.504 148.605 140.958
97.335 101.562 165.416 110.144 148.025 140.378 122.276 151.541 108.531 136.764 105.498 174.192 124.696 140.345 143.83
149.606 176.515 130.44 113.177 118.985 148.896 105.176 114.307 119.05 124.406 162.189 157.091 118.082 146.96 151.703
128.794 133.053 160.318 125.471 138.345 137.925 111.371 138.345 124.083 108.241 130.891 149.896 136.022 127.6 134.408
109.757 137.893 139.668 103.207 131.698 155.575 113.5 110.08 160.221 154.574 127.568 163.222 117.824 140.507 138.119
158.834 158.479 153.219 136.796 154.768 124.793 110.822 133.311 148.025 94.754 167.449 152.735 118.695 161.028 156.123
124.438 132.279 157.898 119.566 148.444 128.536 117.759 144.83 111.338 128.504 119.921 157.317 122.405 137.086 142.152
105.111 144.475 161.512 113.694 130.956 153.477 124.89 129.02 148.089 154.51 166.319 152.025 127.084 145.605 143.249
163.189 154.316 133.892 113.242 159.059 120.663 122.373 135.764 116.598 88.623 129.827 150.67 107.563 157.382 154.574
110.274 139.829 173.676 122.954 114.145 149.993 116.275 120.566 98.142 144.669 121.244 159.866 126.084 123.632 137.441
114.404 142.475 129.665 91.947 163.512 132.634 120.631 110.015 130.988 125.89 192.68 148.96 113.21 161.221 126.019
155.155 147.67 146.895 129.988 116.081 138.183 110.693 112.145 111.338 105.466 109.37 159.543 119.018 115.63 145.734
110.693 151.703 171.191 127.6 149.444 159.35 127.762 113.984 136.247 144.217 142.12 133.085 156.026 136.054 124.664
151.187 118.534 124.116 115.952 140.152 119.921 122.954 105.176 149.38 111.08 149.283 152.606 105.24 162.609 144.895
119.372 164.093 173.127 126.729 118.243 142.83 111.145 126.665 139.829 154.09 116.049 142.378 111.177 123.212 106.595
138.99 138.861 137.764 102.949 155.962 133.86 129.665 113.21 144.992 109.531 171.546 166.835 139.7 181.581 145.153
122.405 135.602 149.122 134.763 133.215 135.538 99.626 115.823 138.442 135.409 114.21 145.282 87.268 120.018 152.025

Table B.2: Impact force part 2/2
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B.2.2. Damage test

1.5 m 1 m 0.5 m Reference

nozzle 1 50 52 56 66
46 58 54 56
50 52 68 52

nozzle 2 68 56 54 64
64 62 58 66
52 48 56 52

nozzle 3 66 60 56 60
62 52 54 58
52 54 66 62

Table B.3: Paint layer thickness measurements in microns

B.2.3. Speed test

0.5 meter 1 mter 1.5 meter

Nozzle 1 66 112 184

Nozzle 2 165 140 >240

Nozzle 3 >240 >240 >240

Table B.4: Speed measurements in seconds
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B.3. Complete impact results graphs

Figure B.3: Average impact force for various distances
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Figure B.4: Average impact force for various pressures
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B.4. Complete impact pressure results graphs

Figure B.5: Average impact pressure force for various distances. Note: A logarithmic yaxis is used.
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Figure B.6: Average impact pressure force for various pressures. Note: A logarithmic yaxis is used.
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