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Abstract
This report aims to determine the optimal settings for the most efficient removal of sand adhering to the
side of a dredging vessel where a water pool has formed on top. In the tests the scenario of an inclined
jet traveling through the air, then continuing some distance underwater, and then eroding sand was
reproduced. Where air was entrained into the jet in air and creates an air sheath around the jet when
the waterline is penetrated. The velocity of the jet at different water depths was determined using the
measured stagnation pressure and density, by use of a pitot tube and conductivity sensors respectively.
This was done for four different set-ups under a 40-degree angle; one which had 1.80 meters of straight
pipe upstream of the nozzle (straight), one with an S-bend after 0.8 meters, and then the other 1 meter
of pipe before the nozzle (middle bend), one with the S-bend directly before the nozzle (end bend) and
the last one again entirely straight but with an inclined rubber flap covering the nozzle (flap). From
these four set-ups, the velocity was determined at the possible erosion locations, using the literature
the erosion velocity at these water depths was calculated. As shown in Figure 1 the velocities of the
different jets are clustered in two groups, both following a plotted trend line. The best set-up is a straight
jet with a slightly larger velocity than the middle bend set-up. At larger depths, the performance of these
two seemed 50% higher than that of the end bend and flap set up.

The velocity of the two worse-performing jets might have been overestimated due to interpreta-
tion issues of the velocity at low water percentage, which was significantly more present in the two
lower-performing jets than in the two best-performing jets. Further research is needed to interpret the
conductivity sensors more accurately and create a more detailed velocity profile.

A secondary test was done where the erosion of the entirely straight set-up was determined with a
submerged sand container at increasing water depths. The measured erosion was approached most
accurately by [van Rijn et al., 2019]. It was theorized that the increase in entrained air would reduce
the erosion velocity of the jet, but this turned out not to be the case.

Figure 1: Flow velocity in the four set-ups under water
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Nomenclature
𝛼 Dimensionless empirical parameter [-]

Δ Specific density [−]

𝜖 Percentage of conducting liquid [ 𝑘𝑔𝑚3 ]

𝜇 Dynamic viscosity of the fluid [ 𝑘𝑔𝑚∗𝑠 ]

𝜙′ Modified pick up flux [−]

𝜙𝑝 Pick-up flux [−]

𝜌𝑔 Density of the gas [ 𝑘𝑔𝑚3 ]

𝜌𝑠 Density of the sand [ 𝑘𝑔𝑚3 ]

𝜌𝑤 Density of the water [ 𝑘𝑔𝑚3 ]

𝜎 Surface tension [ 𝑁𝑚 ]

𝜎𝑐𝑎𝑟𝑟𝑖𝑒𝑟 Conductivity of the carrier fluid [−]

𝜎𝑒𝑓𝑓 Conductivity of the mixture [−]

𝜎𝐿𝑖𝑞𝑢𝑖𝑑 Conductivity of the liquid [−]

𝜎𝑚 Conductivity of the mixture [−]

𝜏𝑏 Bed shear stress [ 𝑁𝑚2 ]

𝜃 Shields parameter [-]

𝜃𝑐𝑟 Critical shields parameter [degrees]

𝜃𝑗 Angle of the jet at the waterline [degrees]

𝜃𝑛 Angle of the nozzle [degrees]

𝑐𝑏 Near bed concentration [−]

𝐶𝑑 Empirical parameter [−]

𝐶𝐿 Coherence length of a jet [𝑚]

𝑐𝑠𝑎𝑛𝑑 Volumetric concentration of sand [−]

𝐶𝑡 In situ electrical conductivity of a porous rock [ 𝑘𝑔𝑚3 ]

𝐶𝑤 Fluid saturation [−]

𝐷 Particle parameter [𝑚]

𝐷∗ Local width of the jet [𝑚]

𝐷∗ Dimensionless particle parameter [−]

𝐷10 Particle size for which 10 percent is finer [𝑚]
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viii Nomenclature

𝐷15 Particle size for which 15 percent is finer [𝑚]

𝐷1 Diameter of a sheath around a plunging jet [𝑚]

𝐷2 Depth of a sheath parallel to a plunging jet [𝑚]

𝐷50 Median particle size [𝜇𝑚]

𝐷𝑗 Diameter of the jet at the waterline [𝑚]

𝐷𝑛 Diameter of the nozzle [𝑚]

𝐷𝑝 Diameter of the inlet pipe [𝑚]

𝐸 Pick up flux [ 𝑘𝑔𝑚2𝑠 ]

𝑓 Friction factor [−]

𝐹∗ Densiometric Froude number [−]

𝐹𝑟 Froude number [−]

𝑔 Gravitational acceleration [𝑚𝑠2 ]

𝐻𝑛 Height of the nozzle above the waterline [𝑚]

𝐻𝑝 Theoretical bubble depth [𝑚]

𝐼 Theoretical bubble depth [𝑘𝑔𝑚𝑠 ]

𝑘 Sand permeability [𝑚𝑠 ]

𝑘0 Turbulence kinetic energy [𝑘𝑔𝑚
2

𝑠2 ]

𝐿 Distance from the jet nozzle [𝑚]

𝐿𝑎 Aeration length of the jet [𝑚]

𝐿𝑏 Break up length [𝑚]

𝐿𝑜 Break up onset location [𝑚]

𝑀𝑠 Mass flux [𝑘𝑔𝑠 ]

𝑛0 Porosity of the settled original bed [−]

𝑁𝑓 Nozzle factor [−]

𝑛𝑥 Scaling factor of different parameters [−]

𝑃 Production [𝑚
3

𝑠 ]

𝑝 Pressure [ 𝑁𝑚2 ]

𝑄𝑤 Water discharge at jet nozzle [𝑚
3

𝑠 ]

𝑟𝑖 Initial radius [𝑚]

𝑅𝑝 Particle Reynolds number [−]

𝑟𝑟 Resulting radius [𝑚]

𝑅𝑒 Reynolds number dependent on diameter [−]



Nomenclature ix

𝑅𝑒𝐿 Reynolds number dependent on length [−]

𝑆 Settling flux [ 𝑘𝑔𝑚2𝑠 ]

𝑡 Time [𝑠]

𝑡𝑝 Pinch off time [𝑠]

𝑇𝑢0 Turbulence intensity [−]

𝑢 Velocity [𝑚𝑠 ]

𝑈0 Nozzle exit velocity [𝑚𝑠 ]

𝑣 Kinematic viscosity [𝑚
2

𝑠 ]

𝑉𝑏 Jet velocity at the bottom of the pool [𝑚𝑠 ]

𝑣𝑒 Erosion velocity [𝑚𝑠 ]

𝑉𝑗 Jet velocity at the waterline [𝑚𝑠 ]

𝑉𝑚 Jet velocity below the waterline [𝑚𝑠 ]

𝑉𝑛 Jet velocity at the nozzle [𝑚𝑠 ]

𝑤𝑠 Settling velocity [𝑚𝑠 ]

𝑊𝑒 Weber number [−]

𝑥 Horizontal distance from nozzle [𝑚]

𝑦 Vertical distance below the waterline [𝑚]
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1
Intro

The adherence of sand to the side of the hopper can increase the dumping time of a hopper vessel due
to the water jet not being as effective as possible because of pools forming on top of the sand banks.

1.1. Problem analysis
Water jetting is often used to loosen or remove sand quite effectively. A lot of research has already
been done on using submerged water jets to erode sand. This is why it is also used in different, partially
submerged circumstances where sand needs to be removed, like jetting in air or a plunging jet.

During the dumping process of a hopper, the doors will open and a lot of the sand will fall out. Since
not the entire bottom of the vessel can be opened there are some inclined walls where sand remains
after opening the doors. This sand can be removed by using water jets to loosen it from the inclined wall.
Some of the sand sticks to the side and makes a sandbank that can endure a lot of water pressure
before it succumbs under the exerted force. Simply increasing the water pressure is not always an
option to speed up the removal of these sandbanks. To determine the limiting factor, the erosion effect
of the jet on sand should be studied. With the size of the hopper increasing the size of the wall where
the sand can adhere to also increases. The sand can accumulate at a further distance from the jet,
requiring the length over which the jet exerts pressure to increase as well. Making the efficient removal
of clinging sand more relevant with increasing hopper sizes.

Since the information available in the literature is not enough to cover this entire process test will
have to be done to gather more data. Applying CFD to this project would have been too complex due
to the impact of the jet into the sand after plunging into the water. Which would have a lot of particles
in play making CFD quickly too complex to apply. This is why the parameters will be measured using
laboratory testing. After determining the effect of these parameters in a scaled laboratory test, the aim
is to find a model that can accurately predict the erosion velocity of the sand by the plunging jet.

1.2. Problem statement
Removing the sand stuck to the side of a hopper with a jet is relatively time-consuming. Because the
sand offers a lot of resistance against the incoming water jets. This process can be sped up and, if
done more effectively, reduce the time required for the dumping process.

1.3. Objective
The objective of this research is to be able to accurately predict the erosion effectiveness of an inclined
plunging jet in a hopper were there is a layer of water on top of the sand. This will be done by measuring
different parameters from an experimental laboratory set-up. Four different flow configurations that
imitate certain aspects present in the vessel are tested.

1



2 1. Intro

1.4. Research questions
The goal of this research is to find out how the main parameters of an angled plunging jet develop over
its course. This raises the question:

• What are the values of the flow velocity, stagnation pressure, and jet momentum of a plunging jet
in a hopper when it reaches the sand depending on the jet configuration?

This question is split in three more concrete questions. These three questions are about the trajec-
tory and upstream conditions of the jet:

• What is the influence of a bend upstream of the nozzle on the flow velocity of the jet after the
nozzle?

• How does an inclined flap covering the nozzle influence the flow velocity?

• What happens to the velocity evolution of the jet when it penetrates the waterline?

• What is the influence of a water layer on top of the sand on the jet production?

Four different flow configurations that vary upstream from the nozzle can help to answer these
questions.



2
Prototype Jet

Figure 2.1: Sand erosion by jets in the prototype

The current jet system which motivated this research consists of multiple parallel jets, attached to
the side of the vessel as visible in Figure 2.1. In this image, it is visible that the jets are turned on jetting
water into sand. The jets are situated along the length of the vessel and are positioned somewhat close
to each other. The water jets have a wall below them with an incline between 30 to 45 degrees. The
nozzle of the jet, which has a diameter of 4 to 6 centimeters, is covered by a lid that is pushed aside by
the force of the water expelled from the nozzle. The water at the nozzle exit has a pressure between
4 to 10 bar, which corresponds to a velocity between 30 to 50 meters per second. First, the jet leaves
the nozzle, where the geometry of the nozzle influences the jet exit velocity, a in Figure 2.2. Then the
jet passes a certain distance through the air, b, where it entrains air. After traveling through the air it
will break up at a certain distance from the nozzle, c. After which it will hit the water surface which it
has to penetrate, at location d. Which will cause bubbles to form, as visible at location e. Then the
jet will continue its path through the water, f, until it makes contact with the sand it has to erode, as
shown in the figure at location g. The distance it needs to cover in air and water can differ depending
on where the sand sticks to the side of the hopper and the amount of water building up on top of the
sand. With a total distance of 15 meters, the most likely distance is between three and ten meters with
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4 2. Prototype Jet

a water height between one and two meters. The erosion speed of the jet depends on the sand and
jet parameters at the location where erosion takes place. The water jet parameters at the nozzle are
the fluid density, jet pressure, nozzle diameter, and nozzle discharge. Which are parameters that can
be determined beforehand. The jet parameter which has to be measured at the sand is the jet velocity.

Figure 2.2: Schematic overview of a plunging jet

With the pressure the flow velocity can be
determined which then can be used to de-
termine the resulting shear stress. The
sand parameters that are needed are; the
particle size distribution, the density, and
the in situ porosity of the bed. Combining
these parameters the erosion speed of the
jet in this sand can be mathematically de-
termined. The fluid density at the nozzle of
the jet is pure water, as the jet covers more
distance and entrains more air the average
density of the jet drops since the density
of the entrained air is much lower than that
of the water, reducing the average density.
The discharge in the air also increases the
total volume due to air entrainment. The ve-
locity profile changes with the distance de-
creasing from the maximum velocity at the
nozzle to the final eroding velocity at the
sand. The jet velocity is highest at the cen-
ter of the jet, where it will stay equal to the
nozzle exit velocity for a short period, after
which the jet is fully developed and the ve-
locity in the center line will decrease, [Rajaratnam and Albers, 1998].
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Literature review

A lot of aspects will have an impact on jet development. The jet has multiple different stages it passes
through over its trajectory and all of them influence the jet in some way. Knowing the implications of
these elements helps to define and set up the experiment. In this chapter, the impact of these factors
is discussed.

3.1. Nozzle geometry

Figure 3.1: Schematic drawing of a fire hose
nozzle

The geometry of the nozzle determines the fluid velocity and
flow pattern at the exit before the water jet plunges into the
air. The nozzle can increase or decrease in diameter near
the end which can either increase or decrease the pressure
and consequently the velocity. The geometry of the jet can
also influence the turbulence of the exiting water and thereby
impact the coherence and possible functional jetting distance
of the water jet. The jet nozzle from a fire hose, as shown in
Figure 3.1, is designed in such a way that due to the contrac-
tion of the flow in the nozzle, the pressure increases at the tip
and causes the exit velocity of the jet to be larger than if the
diameter didn’t decrease. The nozzle in the actual hopper
looks relatively like that of a fire hose.

A possible influential factor of the nozzle in the hopper is
the 90-degree angle in the pipes just before the start of the nozzle. The bend the water has to turn
causes the jet to be turbulent before it exits the nozzle. The jet in the hopper also has to push aside a
lid that is connected to the top of the nozzle. This lid can also influence the coherence of the jet and
the distance it can travel. Since the geometry of the nozzle plays such an important role concerning
the parameters of the exiting water jet it should also be taken into account. Changing the geometry of
the nozzle will influence the parameters of the jet over its trajectory.

3.2. Air entrainment
The entrainment of air into the water jet can reduce the jet velocity and reduces the coherence of the
jet, which will decrease the eventual impact of the jet. The jet in question has a wall right below it which
decreases the entrainment from that side compared to the other sides of the jet. The jet might tend to
approach the wall due to the Coanda effect, which causes fluid jets to follow adjacent flat surfaces. The
jet entrainment at the wall side becomes zero when the jet actually hits the wall and will also reduce the
velocity of the jet because of the resulting shear stress of the wall on the water jet. The amount of air
entrainment of a plunging liquid jet was visually determined [Roy and Kumar, 2018] and was observed
to depend on the jet velocity, nozzle diameter, and jet length. The amount of air entrained into the jet
increases its diameter. The local diameter at a certain distance from the nozzle can be determined
using Formula 3.1.

5
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𝐷∗
𝐷𝑛

= 0.125(𝑊𝑒𝑅𝑒𝐿)
1
6 𝑅𝑒𝐿 =

𝜌𝑤𝑢𝐿
𝜇 𝑊𝑒 = 𝜌𝑤𝑢2𝐿

𝜎 (3.1)

Where𝑊𝑒 is the Weber number, 𝑅𝑒𝐿 is the Reynolds number dependent on the distance traveled,
𝐷∗ is the average diameter at distance 𝐿, 𝜇 is the dynamic viscosity and 𝐷𝑛 is the diameter at the
nozzle, [van de Sande, 1974]. The equation gives the average diameter of a turbulent jet as a function
of Reynolds and Weber. Reynolds and Weber’s numbers play a role in the inertial and viscous forces
and the surface tension. All of these play important roles in the distance over which the jet stays
cohesive.

3.3. Incoming angle
The direction and the pressure of the jet while plunging are influenced by its angle with respect to the
horizontal. At shallow angles, the air entrainment is larger than at steep angles due to the contact
surface of the jet with the water, with maximum air entrainment occurring at 10 degrees. When the jet
comes in under a small angle compared to the waterline, the jet center can be deflected by the water’s
surface. At incoming angles above 25 degrees with respect to the waterline, the jet remains cohesive
enough to penetrate well below the free surface. Whereas water jets with smaller angles have more
trouble piercing the waterline and won’t penetrate nearly as deep. This was tested using numerical
simulation by [Deshpande and Trujillo, 2013]. Where the air volume due to penetration of the waterline
by a water jet could be determined up to three centimeters below the waterline. The air entrainment
was reduced for an increasing angle. The air entrainment for a plunging jet with an angle of 45 degrees
was about 5 times smaller in comparison with jets of 15 degrees or less.

3.4. Distance in air

Figure 3.2: Break-up length, [Lubking, 2000]

The distance the jet has to cover should be less
than the ’break-up length’ of the jet to not lose a
significant amount of momentum during the wa-
terline penetration. The break-up length, 𝐿𝑏, is
the length at which the water jet splits up from
a coherent jet into a shower of small droplets,
and thereby loses much of its impact velocity.
The break-up length depends on the velocity and
the governing process as shown in Figure 3.2.
Where the break-up length of a jet is given as a
function of the jet velocity. In this figure multiple
regions are visible where the break-up length de-
pends on the properties of the jet. The relation
for the break up length in the turbulent region is
given in Formula 3.2,by [Lubking, 2000].

𝐿𝑏 = 320𝑉𝑛𝐷1.5𝑛 (3.2)

Besides a loss in impact velocity, surpassing the break up length causes more air entrainment into
the water. Since the jet reaches the water surface as an lot of individual water particles, all of which will
entrain air into the water, so the total air entrainment into the water will be larger than that of a single
cohesive jet. This also influences the further velocity development of the jet. The break up happens
due to instabilities at the moment of discharge and the effects of air resistance on the water jet. Before
the jet reaches its breakup length the jet will have an increasingly sinusoidal movement around the
center of the initial jet at the nozzle. When the amplitude of the sinusoidal movement gets too large the
jet won’t be able to return to the normal and will fall apart. As shown in Figure 3.2 the break up length
of the jet increases almost linearly with jet velocity in the turbulent region, [Van de Sande and Smith,
1976]. The actual jet in question has a high enough jet velocity that it is located in the Weber number
controlled region instead of the turbulent jet region, which causes the break-up length to become more
complex. This means that the break-up length in Formula 3.2 doesn’t hold anymore. With high velocity
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jets the surface tension of the circumference of the jet and the air friction the jet experiences should
both be taken into account. As opposed to jets with a lower velocity where these processes aren’t as
important This makes it difficult to find a simple accurate mathematical expression to define where in
the trajectory the jet surpasses the break-up length.

The break-up length used to estimate the coherent travel distance of the jet was defined by [Grant
and Middleman, 1966] as ’the length of the fluid jet from the point of exit from the nozzle, to a point at
which the disturbances within the fluid jet reach the same radius as the initial nozzle opening’. Which
is shown as the 𝑐𝐿 distance in Figure 3.3

𝐶𝐿
𝐷𝑛

= 8.51(𝑊𝑒0.5)0.64 (3.3)

The formula for the jet coherence length for turbulent jets is given in equation 3.3. Where it is based
on a line through the data of [Grant andMiddleman, 1966]. This equation doesn’t take the nozzle design
into account which was added later by [Morgan and Baines-Jones, 2009] in the way of the nozzle factor
𝑁𝑓 resulting in Formula 3.4. The nozzle factor depends on the nozzle material, exit edge sharpness,
body shape and entry and exit diameter.

𝐶𝐿
𝐷𝑛

= 8.51(𝑊𝑒0.5)0.64(𝑁𝑓) (3.4)

Figure 3.3: Break-up length variables, [Trettel, 2020]

A lot of the previously done research on
break-up lengths has been compiled into one pa-
per [Trettel, 2020]. The papers that are men-
tioned earlier are also part of his review of re-
search into break-up lengths. The break-up
length in the paper of B. Trettel is defined as ’the
time-averaged distance from the nozzle where
the diameter of the jet core reduces to zero’, as
shown in Figure 3.3 by the parameter 𝐿𝑏. The
average breakup onset location, 𝐿𝑜, is defined
as the time-averaged distance from the nozzle
where the decrease of jet center velocity first
occurs. In his paper, the results of the earlier
research are compared and inconsistencies are

highlighted. Noticeably a lot of earlier research doesn’t highlight certain influential aspects of the setup
that impact the break-up length. The turbulence intensity in most referenced papers is absent. This
parameter can have a significant influence on the breakup length of the jet.

Regime name Appearance
Dripping Slow formation of droplets at the nozzle outlet
Laminar Rayleigh Symmetric break up into large droplets
Downstream transition Varies from Rayleigh-like to abrupt breakup
Turbulent Rayleigh Similar to laminar Rayleigh but turbulent
Turbulent surface breakup small surface disturbances causing breakup
Atomization Larger spray angle than turbulent surface breakup

Table 3.1: Regimes and visual characteristics

Five different break-up regimes to determine the way of the break-up of the jet are specified in the
paper. The regimes and their visual appearances are described in Table 3.1. The breakup lengths for
four of these regimes are plotted in Figure 3.4 for a nozzle diameter of 6mm. The dripping regime is
absent in this figure since that is mostly for air-water systems. The location of the borders between
the regimes can be calculated using the Weber number, 𝑊𝑒𝑙0, [Trettel, 2020]. The formulas for the
break-up length inside the regimes are a function of the net turbulence intensity, 𝑇𝑢0, which is typically
between 1 and 10%. It depends on the rate of the turbulence kinetic energy, 𝑘0, over the velocity profile
in the x-direction, 𝑈0. This is shown in Formula 3.5.
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𝑇𝑢0 = √
2𝑘0
3𝑈0

𝑊𝑒𝑙0 =
𝜌𝑙𝑈20𝐷𝑛
𝜎 (3.5)

Figure 3.4: Break-up length regimes 𝑑0=6mm, [Trettel, 2020]

The regime of the actual jet is most likely the
atomization regime. This is because of the high
Weber number due to the large velocity of the
jet in combination with the large Reynolds num-
ber. In the atomization regime the diameter of
the droplets around the jet core are much smaller
than the nozzle outlet diameter. The breakup
onset location is small and the breakup length
plateaus with increasing jet velocity. The breakup
length of this regime is given in Formula 3.6 which
followed from a fit over measured data by [Trettel,
2020], where 𝜌𝑔 is the density of the gas, which
in this case is the density of air.

𝑥
𝐷𝑛

= 5.31𝑇𝑢0
−0.568 𝜌𝑙

𝜌𝑔
(3.6)

The jet is most likely in the turbulent atomization regime, not only due to the speed of the jet but
also due to the swirl created due to the bend the jet has to turn before exiting the nozzle. This induces
turbulence in the flow. Since the jet will decrease when it reaches turbulence in air it might be beneficial
for the jet to be turbulent before exiting the jet nozzle. This seems counter intuitive but the change from
laminar to turbulent in air has a significant negative effect on the break up length. When the jet is
already turbulent this wont happen making the break up length larger. Which is what happens when
the jet is in the atomization regime. The formula for the break up length in the turbulent surface breakup
regime is given in Formula 3.7, which B.Trettel based on data of significantly turbulent jets.

𝑥
𝐷𝑛

= 3.61𝑇𝑢0
−0.275

𝑊𝑒0.334𝑙0 (3.7)

When calculating the 𝑊𝑒𝑙0 the breakup regime can be determined with the corresponding formula
for break-up length. As shown in Figure 3.4 the break-up length plateaus at a certain Weber number
making a further increase in velocity not correspond with an increase in breakup length.

3.5. Waterline penetration
The velocity at the impact location of the jet, 𝑉𝑗, is given in Formula 3.8, where the formula is determined
using projectile motion, [van de Sande, 1974]. With 𝑉𝑛 the jet velocity at the nozzle and 𝐻𝑛 is the height
of the nozzle above the waterline. This formula holds as long as the covered distance of the jet is
less than the break up length, otherwise a different formula has to be used which is accompanied by a
significant decrease in velocity.

𝑉𝑗 = √𝑉2𝑛 + 2𝑔𝐻𝑛 (3.8)

The incoming angle of the plunging jet compared to the waterline can be calculated using Formula
3.9, an adaptation of a particle motion parabola. Where 𝜃𝑛 and 𝑉𝑛 are respectively the angle and
velocity at the jet nozzle. The 𝑡 in this formula is the time passed between exiting the nozzle and hitting
the waterline, [van de Sande, 1974].

𝑔𝜃𝑗 =
√𝑉2𝑛 𝑠𝑖𝑛2(𝜃𝑛) + 2𝑔𝐻𝑛

𝑉𝑛𝑐𝑜𝑠(𝜃𝑛)𝑡
(3.9)
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Figure 3.5: Schematic overview of
plunging jet with air cavity, [Sun et al.,

2020]

At high velocities, the shear of the plunging jet and the surround-
ing air creates a boundary layer around the jet, which will move with
the jet while piercing the waterline, [Biń, 1993]. Making an air film
around the jet while it penetrates the waterline is beneficial for veloc-
ity preservation. The jet has a constant momentum, which depends
on the total mass times the velocity. So when the mass increases the
velocity decreases. When air instead of water entrains into the jet the
mass increase is smaller, consequently the velocity decrease is lower.
Having an air film around the jet while penetrating delays the water en-
trainment and that way delays the velocity decrease. The entrainment
of water into the water jet is much more detrimental to the velocity of
the jet than the entrainment of air into the water jet. Having an air film
around a jet leads to a slower decrease in velocity at the center line
of the jet compared to a jet without an air film. Due to the mass of
the entrained substance being lower, the velocity profile has a com-
parably higher center line velocity and a smaller jet width over which
the velocity profile is spread. In a set-up where air was discharged
around a submerged water jet, by [Vinke, 2009], the air film around
it had a constant center line velocity of up to 36 diameters. This was

achieved with a nozzle diameter of 30mm. The air film is present for 24 nozzle diameters compared
to 6 nozzle diameters for a jet without an added air film. The length of the air film around the jet in the
set-up of Vinke was dependent on the air discharge, water jet velocity, and nozzle diameter. These
parameters are not the same or not present, in the case of air discharge, in the actual jet compared to
the jet from Vinke. This does show that the air film formed around the jet while plunging is beneficial
for increasing the distance over which the jet loses velocity. The very thin air film formed around the
jet during waterline penetration prevents contact between the water jet and the surrounding water, as
shown in Figure 3.5. If the water in the jet is too turbulent the disturbances at the surface of the water
jet penetrates the thin air film and comes into contact with the surrounding water causing the air film
to collapse. Using Formula 3.10 the length and width of the sheath around the penetrating jet can be
calculated, [Sun et al., 2020].

𝐷1
𝐷𝑗
= 0.13(

𝑡𝑉𝑗
𝐷𝑗
)0.3( 𝑡𝑡𝑝

)0.02(𝐹𝑟)0.5(cos𝜃𝑗)−0.003
𝐷2
𝐷𝑗
= 1.07(

𝑡𝑉𝑗
𝐷𝑗
)1.02(𝐹𝑟)−0.18 (3.10)

Where 𝐹𝑟 is the Froude number as shown in 3.11, 𝐷1 is the diameter of the air sheath, 𝐷2 is the
penetrating depth of the air sheath, 𝐷𝑗 is the jet diameter at the waterline and 𝑡 is the time before
the sheath collapses. The time before the sheath collapses is called the pinch of time, 𝑡𝑝, which
corresponds to the maximum penetration of the water before the air sheath collapses, [Esmailizadeh
and Mesler, 1986]. For a stationary jet with an angle of 45 degrees and a penetrating velocity of 2.5𝑚/𝑠
the 𝑡𝑝 is 54𝑚𝑠.

𝐹𝑟 = 𝑉𝑛
√𝑔𝐷𝑛

(3.11)

These variables in combination with the jet diameter allow for the calculation of the size of the air
sheath around the jet as a function of 𝐷1, 𝐷2 and 𝐷. When the water jet is entirely broken up due to the
distance it had to travel to reach the water surface it can be compared to individual water droplets hitting
the surface. When a small droplet hits the water surface the surface and penetrates the water line it
entrains air into the water, the same as a cohesive water jet would have. The amount of air entrained
compared to its size is larger for the droplet than the jet. As apposed to a plunging sheath the air the
bubble entrains doesn’t increase air entrainment length. Since the water droplet is much smaller and
less heavy than the jet the momentum is also much lower, reducing the depth to which the droplet will
penetrate. This leads to the assumption that when a water jet has fallen apart in a mist of droplets there
is very little momentum left below the surface which in turn will lead to less erosion, [Esmailizadeh and
Mesler, 1986].
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3.6. Bubble formation

Figure 3.6: Schematic overview of re-circulation zone

Air is entrained into the water due to an air sheath
being formed around the jet when the water jet pen-
etrates the waterline. The amount of air entrained in-
creases with the velocity of the plunging jet. When
this air sheath collapses a lot of bubbles are formed
around the jet. The bubbles are then dragged down-
wards along the jet due to the velocity of the jet. The
downward velocity of the bubbles decreases with the
distance covered until the vertical velocity component
is zero. After this, the bubbles will slowly start moving
to the surface due to their buoyancy. The rising bub-
bles can still have a forward horizontal velocity. Re-
sulting in the bubbles concentrating in a bowl-like fig-
ure opposite the jet, called the re-circulation zone. In
Figure 3.6 the re-circulation zone can be seen and a
small area where there are no bubbles at the location

where the jet hits the water. The re-circulation zone increases with an increase in jet velocity or a
decrease in jet angle, as long as the jet is able to pierce the waterline. The theoretical depth of bub-
ble penetration, 𝐻𝑝, is given in Formula 3.12. Where the values of the numbers used in the formula
changed depending on the velocity and diameter of the jet at the nozzle. The values for the nozzle
which will be applied are given in the formula, which is based on experiments done by [Biń, 1993].

𝐻𝑝 = 2.4𝑉0.66𝑛 𝐷0.66𝑛 (3.12)

Applying this formula to the values provided in Chapter 2 the resulting depth to which the bubbles
will penetrate is between 2.7𝑚 and 4.9𝑚. Both depths are large enough that the bubbles should easily
reach the bottom. The formula used here is for vertical plunging jets instead of inclined plunging jets,
but due to the depth reached being more than twice the depth present it is still very likely that bubbles
will still be able to reach the sand at the bottom. If the bubbles were to reach the bottom of the pool they
will influence the jet density at that location. Since the velocity depends on the density and the pressure
more air decreases the density and reduces the flow velocity. Even though the bubbles should reach
a large enough depth, they still might not reach the bottom. After the jet hits the bottom it will move to
the left and right, creating the flow velocity which will carry off the sand particles. The bubbles might
not be able to pierce this layer of moving water at the bottom and might immediately be carried away
by the flow. If that is the case they won’t influence the density at the location of the erosion.

According to [Smit, 2007] the aeration length, 𝐿𝑎, is determined by the water discharge at the nozzle,
𝑄𝑤. The aeration length is the horizontal distance the bubbles will reach from the point where the jet
hits the water, see Figure 3.6. When the water is very shallow the aeration length is larger than in very
deep water where the bubbles won’t reach the bottom.

𝐿𝑎 = 0.5𝑄0.5𝑤 (3.13)

The influence of the bubbles on the development of the jet velocity after the waterline penetration
might curve the jet slightly upwards. Since the jet in question is very turbulent there are a lot of bubbles
due to the waterline penetration, [Roy and Kumar, 2018]. The bubbles entrained by the jet while in
the air break up the jet when submerged. Decreasing the penetration depth of the jet itself. With a
lot of bubbles, the jet lands on a cushion of rising air bubbles. Which will significantly decrease the
penetration depth of the jet.
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3.7. Water salinity
Whether salt or fresh water is used for the jetting has indirect consequences on certain previously
mentioned parameters. Such as the difference between bubble coagulation. The small bubbles in
freshwater can combine and form larger bubbles whereas small bubbles in salt water won’t fuse and
will stay small individual bubbles. Because of this, there is more spread in bubble size in fresh water,
with an average of 3𝑚𝑚. And a smaller spread in salt water with an average of no more than 0.5𝑚𝑚.
The bubbles in freshwater are larger and have more buoyancy than bubbles in salt water. Because
of this bubbles in freshwater have less underwater residency time compared to salt water and might
reach lesser depths than bubbles in salt water. This will influence the density of the jet at a depth where
in freshwater the bubbles have already ascended and in salt water, they are still present. This makes it
difficult to accurately represent saltwater bubble conditions in freshwater. To be able to represent this
the used jet should have a diameter less than 0.5𝑚𝑚 with a jet velocity low enough to stay in the ’chain
regime’, where the bubbles ascend in a chain-like configuration. The exact borders of this regime are
hard to define since there are large transitions and it is not always easy to distinguish them. If the
jet velocity increases further the size of the bubbles between fresh and saltwater will differ, [Lubking,
2000]. This is outside of the regime where the tests will be done, so there will be a difference between
testing in fresh or salt water. The surface tension between salt and fresh water is also different. The
surface tension of fresh water is 0.073𝑚𝑁/𝑚 and the surface tension of salt water is 0.076𝑚𝑁/𝑚,
indicating that the velocity loss due to salinity is likely to be negligible. The water jetted in practice will
be seawater, not fresh or salt water. Seawater also differs slightly in the mentioned aspects from salt
water. Where air entrainment in seawater is even less than that in salt water. Since it not only depends
on density, viscosity, surface tension, and salinity, but also on other physical, chemical, and biological
properties, these differences are again negligible, [Chanson et al., 2006].

3.8. Underwater distance
The height of the water level above the sand determines the distance the jet still has to cover after
penetrating the waterline. The velocity of the jet after piercing the water surface can be calculated by
using Formula 3.14 with 𝑉𝑚 the speed below the waterline and 𝑥 the distance below the surface. When
plotting Formula 3.14 it shows that the jet loses most of its energy in the first half a meter after the air
film, this is likely due to momentum conservation. Where the increase in mass due to water entrainment
causes the center line velocity of the jet to decrease. Since the density of water is much higher than
the density of air the velocity lost due to entrainment at the edges of the jet is much larger when the jet
hits the water. The formula mentioned here is for a straight plunging jet and is independent of potential
influence of bubbles, [Lewis et al., 1999].

𝑉𝑚 = 3.3 ∗ 𝑉𝑗(
𝐷𝑗
𝑦 )

1.1 (3.14)

Figure 3.7: Flow field in a free circular jet, [Nobel, 2013]

When taking into account the incline and
the potential curving of the jet after penetrat-
ing the waterline due to the bubbles working
as a cushion on the jet the velocity decrease
of the jet might be even larger. The smaller
vertical component due to the incline under
which the jet hits the waterline reduces the
vertical velocity, as well as the increased
surfaces through which the jet has to pen-
etrate and the bubbles acting like a cush-
ion on which the jet lands. This would de-
crease the vertical velocity of the penetrat-
ing jet even further.

𝑢𝑠,0
𝑢0

= 6.2𝐷𝑛𝑠 (3.15)

A submerged jet, as opposed to a plunging jet, would immediately have contact with stagnant water
and wouldn’t have an air cavity around it. The velocity of a submerged jet is given by Formula 3.15.
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This equation is only valid for 𝑠 > 6.2𝐷𝑛. Where 𝑢𝑠,0 is the velocity at distance 𝑠, 𝑢0 is the exit velocity
and 𝐷𝑛 is the nozzle diameter. The large velocity difference between the jet exiting the nozzle and the
surrounding water would cause a shear zone to immediately develop. The increase in mass moved will
decrease the velocity according to constant momentum. The center line velocity stays the same until
the flow is fully developed, as visible in Figure 3.7. The development region is the first part of the jet
where there is still a core in the center of the jet with a velocity equal to the nozzle exit velocity, after the
flow is fully developed and the flow field keeps increasing in size with velocities below the exit velocity.
Where the velocity of the jet in air was determined using the projectile motion, the velocity of the jet in
water was determined with momentum conservation. Another main difference between a submerged
jet and an plunging jet being the initial air entrainment as an air sheath and after that the air sheath
collapsing into a cloud of bubbles and the entrained air bubbles acting like a cushion, [Nobel, 2013].

3.9. Pick-up flux

Figure 3.8: Comparison of the different pickup functions,
[Heijmeijer et al., 2022]

From the multiple different pickup functions only
the high-velocity pickup functions are focused on
here. These are the revised [van Rijn et al., 2019]
dimensionless pickup rate, the [Winterwerp et al.,
1992] pick-up rate and the [Cheng et al., 2020]
pick-up rate, these are shown in Formula 3.17
respectively. These were selected out of all the
available pick-up functions since these were de-
termined to be in the same regime as the produc-
tion of the experimental jet since they were high-
velocity pick-up functions. According to [Heijmei-
jer et al., 2022] the van Rijn and Winterwerp pick-
up functions underestimate the actual erosion, as
visible in Figure 3.8.

The erosion can be expressed as 𝑘𝑔/𝑚
2

𝑠 or
the erosion can be determined in 𝑚/𝑠 by using
the formulas in Formula 3.16.

𝑣𝑒 =
𝐸 − 𝑆

𝜌𝑠(1 − 𝑛0 − 𝐶𝑛𝑏)
𝐸 = 𝜙𝑝𝜌𝑠√𝑔Δ𝐷 (3.16)

Here 𝐸 is the erosion, 𝑆 is the settling flux, 𝑛0 is the in situ porosity of the bed and 𝑐𝑛𝑏 is the near bed
volumetric concentration, which is taken as zero. Using the known starting diameter of the jet, the time
duration, and the erosion velocity the maximum diameter can be calculated. This can in turn be used
to determine the diameter of the theoretical hole formed in the sand. The volume of this theoretical
hole gives the total production of the jet.

The pick-up functions are given in Formula 3.17, where 𝜃 is the shields parameter, 𝜃𝑐𝑟 is the critical
shields parameter, [Brownlie, 1981], 𝐷∗ is a dimensionless particle parameter and 𝐹∗ is the densiometric
Froude number.

𝜙𝑝 = 0.00033𝐷0,3∗
1
𝜃 (
𝜃 − 𝜃𝑐𝑟
𝜃𝑐𝑟

)1.5 𝜙𝑝 = 0.012𝐷0.3∗ (𝜃0.5 − 1.3) 𝜙𝑝 = 0.0001𝐷2.5∗ (𝐹∗𝑒𝑥𝑝(−
40
𝐹∗
))

(3.17)
The equations needed for Formula 3.17 are given in Formual 3.18

𝜃𝑐𝑟 = 0.22𝑅0.6𝑝 + 0.06 exp(−17.77𝑅−0.6𝑝 ) 𝜃 = 𝜏
𝑔(𝜌𝑠 − 𝜌𝑤)𝐷

𝐷∗ =
3√Δ𝑔
𝑣2 𝐷 𝐹∗ =

𝑢
√Δ𝑓𝐷50

(3.18)
Where 𝑅𝑝 is the particle Reynolds number,Δ is the specific density and 𝜏 is the shear stress, as

shown in Formula 3.19
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𝑅𝑝 =
𝐷√Δ𝑔𝐷
𝑣 Δ = 𝜌𝑠 − 𝜌𝑤

𝜌𝑤
𝜏 = 𝑓

8𝜌𝑚𝑢
2 (3.19)

Where 𝐷 is the particle diameter, 𝑔 is the gravitational acceleration and 𝑣 is the kinematic viscosity
of water. Where 𝑓 is the friction factor derived from the Moody chart using the Reynolds number and
the relative pipe roughness, which is taken as five times the 𝐷50.

3.10. Sand erosion

Figure 3.9: Erosion velocity as a function of the flow velocity,
[Van Rhee, 2010]

All of the elements discussed previously will in-
fluence the flow velocity and pressure of the jet
when it eventually reaches the submerged sand.
Where the determined parameters can be related
to the erosion speed of the jet. This is possible
without actually having to jet in sand.

The erosion speed of the sand depends on
properties of the sand itself and properties of the
water jet coming into contact with the sand. The
permeability of the sand, 𝑘, depends on the parti-
cle size distribution, 𝐷15, the porosity, 𝑛0, and on
the kinematic viscosity, 𝑣, of the fluid as shown
in Formula 3.20 by [den Adel, 1987]. The perme-
ability is influenced by the 𝐷15 of the sands par-
ticle size distribution. The 𝐷15 the size for which
15 percent of the sand particles have a smaller
diameter than the given value.

𝑘 = 𝑔
16𝑣𝐷

2
15

𝑛30
(1 − 𝑛0)2

(3.20)

If the stagnation pressure of the jet is measured it can be related to the flow velocity using Formula
3.21. This value, in combination with themedian particle size of the sand, 𝐷50, can be used to determine
the erosion velocity using Figure 3.9 from [Van Rhee, 2010]. To determine the flow velocity from the
stagnation pressure the density is needed. The friction factor, 𝑓, is used to be able to determine the
shear stress. The friction factor depends on the Reynolds number and relative roughness and can be
determined by using a Moody diagram.

𝑢 = √2𝑝𝜌𝑤
𝜏𝑏 =

𝑓
8𝑢

2𝜌𝑤 (3.21)

Since the incoming jet is a turbulent plunging jet that entrains air while penetrating the waterline
the density is a combination of the density of water and air, depending on the ratio between air and
water. If the location of the sand is deeper than the penetration depth of the bubbles the density can
be considered constant and equal to the water density. As shown in section 3.6 the depth of plunging
bubbles is given using Formula 3.12 and can be applied to the actual to find the penetration depth of
the bubbles. Applying this formula it follows that air bubbles can reach the depth where the erosion
takes place. The density at the erosion location might still be pure water if the bubbles aren’t able to
penetrate the water flow of the jet coming off the bottom and flowing to the sides.

3.11. Erosion according to Vlasblom
Another way erosion is often determined is by using the Vlasblom formula for the production of a jet,
as shown in Formula 3.22.

𝑀𝑠 = 𝛼𝐼 = 𝛼𝜌𝑤𝑄𝑗𝑢0 = 𝛼𝜌𝑤𝑄𝑗√
2𝑝𝑗
𝜌𝑤𝑝𝑗

(3.22)
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Where 𝑀𝑠 is the mass flux of the eroded sand, 𝛼 is a dimensionless empirical parameter which
according to Vlasblom is 0.1𝑠/𝑚 [Vlasblom, 2003] for average sand, as is the sand assumed for the
sand in the experiment. The 𝐼 is the jet momentum, which consists of; 𝑄𝑗, the jet discharge, 𝑝𝑗, the
jet pressure, and 𝜌𝑤, the water density. The formula from Vlasblom depends on a constant times the
momentum. Jetting formulas often assume that the momentum is conserved. Meaning that when
the area over which the jet propagates increases its velocity decreases and vice versa. Since the
momentum is conserved the value for the mass flux does not change at different distances from the
jet nozzle. This results in a constant value for the mass flux over the entire distance. Giving a value
for the erosion according to Vlasblom which is the same over the entire trajectory of the jet. This value
can be assumed as the maximum erosion achievable by the jet.

3.12. Supercritical flow

Figure 3.10: Schematic flow rate of supercritical
flow

The erosion process of the sand bank would be less com-
plicated if there was no water puddle on top of it. Creating
supercritical flow could be a possibility to jet away the wa-
ter after which the jet is directly jetting in the sand, as op-
posed to plunging as shown in Figure 2.2. Due to this, there
is only air entrainment and no water entrainment with con-
stant momentum which means that the center line velocity
decreases less rapidly. Removing this water might lead to
a higher erosion velocity when the jet hits the sand. If a hy-
draulic jump were to take place the water would reflect off
the bottom and drain the water over the sandbank as shown
in Figure 3.10. The flow speed at the bottom can be calcu-
lated when the initial diameter and velocity of the jet and the
distance 𝑥 are known. Where 𝑥 is the distance underwater
from the waterline where the jet is moving straight, without
curving.

𝑉𝑏 = 3.5√
𝐷𝑛
2𝑦𝑉𝑗 (3.23)

Using Formula 3.23 the velocity of the jet at the bottom of the pool, 𝑉𝑏, can be calculated, [Brandt
et al., 2016]. The supercritical flow forming here might create a hydraulic jump, where the water surface
rises abruptly when a high-velocity jet enters a low-velocity or stagnant pool.

For a situation where the proposed hydraulic jump happens in a pool with walls on either side the
formula is given in 3.24, [Bhagat et al., 2020]. Which is based on the continuity of momentum at the
jump, the balance between the loss of momentum of the incoming jet and the thrust of the water at the
jump. Due to the conservation of momentum, the high-velocity incoming jet increases the velocity of
the still pool and increases the speed enough to make it more water than went in jump out. That way
reducing the depth of the pool.

𝜌𝑤𝑢2ℎ − 𝜌𝑈2𝐻 =
1
2𝜌𝑔(𝐻

2 − ℎ2) (3.24)

Where ℎ is the height of the film at radius 𝑟, 𝑈 is the velocity at the nozzle and 𝑢 is the velocity
at the bottom. Being able to apply this formula requires knowledge of the flow field on either side of
the location where the jet hits the water and the height of the jump over the wall has to be determined
experimentally as well. This means that these values have to be measured in situ before this formula
can be applied.

3.13. Scaling
If the tests were to be done full scale the measured values could directly be related to the processes
happening in the prototype. This would make the results easily relatable to the actual scenario but
doing the tests at this scale would cost too much time and money, hence a scaled-down version will be
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used. Scaling is done using scaling factors, which is the ratio between the value of the prototype and
the model, as shown in Formula 3.25.

𝑛𝑥 =
𝑛𝑠
𝑛𝑎

(3.25)

Where 𝑛𝑥 is the factor with which a dimension is scaled, 𝑛𝑠 is this dimension in the set-up, and 𝑛𝑎
is this dimension in the actual scenario.

3.13.1. Scaling water
Scaling experiments in which water plays a prominent role can be done in multiple ways. Scaled lab-
oratory studies are often subject to dimensionless scaling factors; free surface flows are often scaled
with the Froude number, surface tension-dominated experiments are often scaled with the Weber num-
ber, and flow velocity-dependent experiments are scaled with the Reynolds number, [Chanson et al.,
2006]. These three dimensionless scaling factors are shown in Formula 3.26. The actual jet has a very
large Reynolds number, meaning that it is deep in the turbulent flow region. At such a large value the
jet is very turbulent and some variation in the Reynolds number doesn’t impact the characteristics of
the flow noticeably. That is why scaling with Reynolds won’t be dominant in this experiment, so the
experiment will be scaled with either Froude or Weber.

𝐹𝑟 = 𝑉𝑛
√𝑔𝐷𝑛

𝑊𝑒 = 𝜌𝑚𝑉2𝑛 𝐷𝑛
𝜎 𝑅𝑒 = 𝜌𝑚𝑉𝑛𝐷𝑛

𝜇 (3.26)

The Froude number is a dimensionless number which relates the ratio of flow inertia to the gravity
or is used to change the length scaling. As shown in formula 3.26 the Froude number is a relation
of speed over length. Froude is often used for high turbulent phenomena where friction effects are
negligible. The Weber number is a dimensionless number, shown in formula 3.26, which relates the
inertia to the surface tension. Weber is often applied when surface tension, 𝜎, or air entrainment are
determining factors.

𝐹𝑟 ∶ 𝑛𝑢 = √𝑛𝐿 𝑊𝑒 ∶ 𝑛𝑢 =
1
√𝑛𝐿

(3.27)

In 3.27 the scaling factor for velocity, 𝑛𝑢, as a function of the scaling factor for the length, 𝑛𝐿,
according to Froude and Weber are shown. Since 𝑛𝑔 = 1 and 𝑛𝐹𝑟 = 1 the resulting ratio is given in
Formula 3.27 for Froude and Weber. For scaling down the experiment according to Froude the velocity
has to be divided by √𝑛𝐿 and for Weber divided 1

√𝑛𝐿
.

𝑝 = 1
2𝜌𝑢

2 (3.28)

When choosing a scaling factor for the length this not only influences the velocity scaling but the
scaling of the pressure as well, since this is dependent on the velocity. In formula 3.28 the formula for
the pressure is given. Assuming 𝑛𝜌 = 1 gives 𝑛𝑝 as shown in formula 3.29 for Froude and Weber.

𝐹𝑟 ∶ 𝑛𝑝 = 𝑛2𝑢 = 𝑛𝐿 𝑊𝑒 ∶ 𝑛𝑝 = 𝑛2𝑢 =
1
𝑛𝐿

(3.29)

The same issue arises with the scaling of the pressure as with the velocity where the dimensionless
scaling number scale in opposite direction of each other. Having to divide by the length scales given in
formula 3.29 results in the scaling factors shown in Table 3.2.

Froude Weber
Length [𝑚] 𝑛𝐿 𝑛𝐿
Pressure [𝑏𝑎𝑟] 𝑛𝐿

1
𝑛𝐿

Velocity [𝑚/𝑠] √𝑛𝐿
1
√𝑛𝐿

Table 3.2: Scaling of Froude and Weber side by side
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It is unclear which of the two dimensionless scaling factors, Froude and Weber, is more important
for the scaling of this experiment. The assumed significant impact of the Weber number is for the part
of the jet in air. And the Froude number is governing for the jet after the waterline penetration. The
location where the jet pierces the waterline is likely influenced by both numbers.

Some scaled options with the corresponding pressures, lengths and velocities are shown in Table
3.3. Scaling with Froude results in increasingly high pressures for scaled down tests. This in combina-
tion with the results below water being more of interests for the subject of this report makes the scaling
factor used in this set-up the Froude number.

Actual Froude Weber
Scale 1:1 1:2 1:5 1:2 1:5
Length [m] 8 4 1,6 4 1,6
Pressure [bar] 4 - 8 2 - 4 0,8 - 1,6 8 - 16 20 - 40
Velocity [m/s] 27 - 40 19,7 - 28 12,5 - 17,7 39,5 - 55,9 62,5 - 88,3

Table 3.3: Scaled parameters for Fr en We

The length will be scaled down by half as will the pressure, which corresponds to scaling according
to Froude. This is partially because scaling according to both is impossible and scaling according to
Weber has the pressure of the jet increase to pressures that are difficult to attain in the laboratory
setting.

3.13.2. Scaling sand
If sand was to be incorporated in the experiment it would also need to adhere to these scaling rules. The
sand particle diameter can, in theory, be adjusted by using larger or smaller diameter sand particles.
The sand in the actual scenario is very fine sand but could be replaced by other sand to adhere to
the scaling rules. When sand with a smaller or larger diameter were used the material would behave
differently since the particle size influences the erosion process. Besides a difference in consolidation
and porosity of the material of the larger or smaller particles, the erosion process of either size doesn’t
scale well as can be derived from Formula 3.19 and 3.16.

Scaling of erosion velocity is also an important parameter. Where the erosion velocity, 𝑣𝑒 depends
on the pick-up flux, 𝐸, the settling flux, 𝑆, the density of the grains, 𝜌𝑠, the porosity of the settled original
bed, 𝑛0 and the near-bed concentration, 𝑐𝑏. As shown in Formula 3.16. Using the definition of the
settling flux and the definition of the erosion velocity and substituting these in Formula 3.16 using the
van Rijn pickup function gives Formula 3.30.

𝑣𝑒 =
1

𝜌𝑠(1 − 𝑛0 − 𝑐𝑏)
(𝜙𝑝√𝑔Δ𝐷 − 𝑐𝑏𝑤𝑠) (3.30)

The formulas for erosion velocity were discussed more in-depth in Chapter 3.9. Where it can be
noted that the erosion velocity depends on velocity through the shear stress, as shown in Formula 3.18.
The scaling from the erosion Formula 3.30 is given in Formula 3.31,

𝑛𝑣𝑒 = √𝑛𝐿
(1 − 𝑛𝑛 − 𝑛𝑐𝑏)

𝑛0.3𝐿
1
𝑛𝜃
(𝑛𝜃 − 𝑛𝜃𝑐𝑟𝑛𝜃𝑐𝑟

)1.5 (3.31)

Where the pick up flux of van Rijn from Formula 3.17 is used. Assuming the same sand character-
istics in the model and in the prototype gives that 𝑛𝜌 = 𝑛𝑛 = 𝑛𝑐𝑏 = 1

To determine the resulting scaling factor from Formula 3.31 the scaling for the Shields and critical
Shields parameter are needed, these are given in Formula 3.32.

𝑛𝜃𝑐𝑟 = (𝑛0.5𝑅𝑝)0.6 + 𝑒𝑥𝑝((𝑛(0.5)𝑅𝑝 )−0.6) = 𝑛0.3𝑅𝑝 + 𝑒𝑥𝑝(𝑛−0.3𝑅𝑝 ) 𝑛𝜃 =
𝑛2𝑣
𝑛𝐿
= 1 (3.32)

The scaling factor of the particle Reynolds number needed to determine the critical Shields param-
eter is given in Formula 3.33.

𝑛𝑅𝑝 =
𝑛1.5𝐿
𝑛𝑢

= 𝑛0.5𝐿 𝑛𝜃𝑐𝑟 = 𝑛(0.5)
0.6

𝐿 + 𝑒𝑥𝑝(𝑛(0.5)
(−0.6)

𝐿 ) = 𝑛0.3𝐿 + 𝑒𝑥𝑝(𝑛−0.3𝐿 ) (3.33)
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Adding all these scaling Formulas in the erosion scaling formula results in the scaling factor given
in Formula 3.34.

𝑛𝑣𝑒 = √𝑛𝐿
(1 − 𝑛𝑛)

𝑛0.3𝐿
1
𝑛𝜃
(𝑛𝜃 − 𝑛𝜃𝑐𝑟𝑛𝜃𝑐𝑟

)1.5 = 𝑛0.8𝐿 (3.34)

For the total production the erosion velocity, 𝑣𝑒, has to bemultiplied with the surface which is eroded,
𝐴, where 𝑛𝐴 is equal to 𝑛2𝐿 , which is shown in Formula 3.35

𝑛𝑃 = 𝑛𝑣𝑒𝑛𝐴 = 𝑛0.8𝐿 𝑛2𝐿 = 𝑛2.8𝐿 (3.35)

The resulting scaling factor for the erosion velocity gives 𝑛2.8𝐿 instead of the desired scaling factor
of √𝑛𝐿. This means that the erosion of the model does not accurately represent the erosion of the
prototype, but overestimates the actual erosion.

3.13.3. Scaling Vlasblom’s erosion rate formula
As shown in Formula 3.36 the erosion according to Vlasblom depends on density, jet pressure, surface
area, and velocity.

𝑀𝑠 = 𝛼𝜌𝑤(𝐴𝑉𝑛)√
2𝑝𝑗
𝜌𝑤

(3.36)

The result when scaling this formula according to Froude is given in Formula 3.37.

𝑛𝑀𝑠 = (𝑛𝐴𝑛𝑉)√
𝑛𝑝𝑗
𝑛𝜌

𝑛𝑀𝑠 = (𝑛2𝐿√𝑛𝐿)√
𝑛𝐿
1 = 𝑛3𝐿 (3.37)

The scaling according to sand size and Vlasblom differ and as such the scaling of the production is
not accurate when scaled back up to full size.

3.14. Literature evaluation
A lot of literature found and referenced in this report has the jet coming in at a vertical drop, which
influences the characteristics of the jet and the plunging. For example the bubble formation is different,
as is the speed of the jet at the waterline and the formula for velocity development of the jet after hitting
the waterline is different as well. The velocity of the proposed jet is also much higher than those in most
of the found literature. Whereas most studies used velocities between 4 to 10 𝑚/𝑠 with an outlier at 90
to 150 𝑚/𝑠 the velocity of the eventual jet will be between 30 to 50 𝑚/𝑠. Causing the jets to differ in
either Reynolds, Froude or Weber. This makes it difficult to relate the found values to the dimensions
and variables of the actual experiment. Trying to apply the found formulas to this jet might present a
model which doesn’t match with reality.

To know the flow velocity, shear stress and erosion velocity in the hopper, the stagnation pressure
needs to be determined. To find the optimal parameters for quick erosion the stagnation pressure
should be measured with varying parameters at the nozzle, from which the ideal jet settings can be
found. The distance covered in water and air can be changed for different jet set-ups. The coherence
of the jet over its trajectory is not clear. It seems that it is a very important factor for momentum
conservation but is difficult to determine before hand. So in all the potential set-ups the break up length
should also be determined. The momentum and velocity losses in air depend a lot on the distance
the jet has to travel and seem mostly impacted by the traveling length being larger than the break-up
length. The losses of the jet don’t really seem to occur due to the penetration of the waterline but due
to the water entrainment which happens afterwards. The waterline penetration can be optimized by
having a large air sheath during penetration and that way delay the water entrainment into the jet.





4
Experimental set-up

Before the actual set-up was designed some small tests were done to get a feeling for the influential
factors. These small scale tests are described in Appendix A.

Two different types of tests were done, one to determine the velocity at the location of interest, using
four different pipe configurations before nozzle, see Figure 4.4, and one to determine the production
of the jet, with one configuration before the nozzle. Where for the velocity test the jet was pointed at
the frame where the pressure and density were measured. And for the sand test instead of the frame
a large container filled with sand was used.

4.1. Overview experimental set-up

Figure 4.1: Schematic overview of the entire set-up
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Figure 4.2: Middle bend configuration in the laboratory

The test were done at the Boskalis laboratory
with the associated pump. The water tank has
a perspex window on the side of the tank to view
below the water line. The pump can reach a pres-
sure of 3.7 bar for 953 rpm. Where the lines of the
pump pipeline curve intersect at 3.5, 2.9, 2.3 en
1.35 bar. These correspond to 4, 6, 8 en 10 cm jet
nozzles. The size of the tank also allows for sig-
nificant set-ups where the movement of the mea-
suring devices is possible by hand. The pump
gave a volumetric flow rate of 41,4 cubic meters
per hour, which resulted in a jet pressure of 3,6
bar at the nozzle. This equals an exit velocity of
26,8 meters per second.

Figure 4.1 gives a schematic impression of
what the configuration looked like. The segment
from the top of the pump to the jet nozzle was
changed depending on which of the four pipe configurations was tested, the rest of the composition
stayed roughly the same. The pump inlet was close to the bottom of the pool, as was the pump, with
the heart of the pump being around 80 cm above the bottom of the pool, resulting in a minimum water
height. The water was transported from the pump vertically to configuration that led towards the nozzle.
The two wires from the pump and the nozzle to the laptop transmitted the volumetric flow rate of the
pump and the pressure at the nozzle respectively. The measuring frame was attached to a different
frame that was attached to a movable cart, that way the measuring frame could be placed in the cen-
ter of the jet exiting the nozzle. The jet was pointed to the center of the measurement frame where
measuring devices were located to determine the density and the pressure. The two wires from the
measuring frame conveyed these measured values to the laptop. The water level could be changed
by adding or removing water from the tank.

Figure 4.2 shows the actual jetting part of the experiment in the lab. The measurements of which
are more accurately specified in Chapter 4.3. This set-up could be changed to test different possible
scenarios.

Using actual sand in the experiment to determine the erosion speed of the jet makes the entire
set-up messier and too time-consuming to do enough iterations of it. Some tests with sand were done
to determine the production of the jet set-up, but only from one pipe configuration since setting up, and
executing the experiments with sand was very time-consuming. These tests were done at the end of
the testing period and are not entirely accurate when scaling back up to the actual jet size, due to the
sand particle size not being scaled according to Froude as discussed in Chapter 3.13.

4.2. Nozzle dimensions
A picture of the nozzle is shown side by side with a schematic overview of the nozzle in Figure 4.3

The nozzle starts at a diameter of 80𝑚𝑚 and tapers to an inner diameter of 25mm over a total
distance of 90𝑚𝑚 as is clear from Table 4.1.

By using the measured and the theoretical volumetric flow rate the nozzle discharge coefficient, 𝐶𝐷
can be calculated, where 𝐶𝐷 is equal to 0.78.

Part Length [mm] Inner diameter [mm]
1 10 80
2 70 80 - 25
3 10 25

Table 4.1: Length and diameter of parts nozzle

The nozzle was consistent for nearly all the test. Only the flap test used a different nozzle with a
flap attached to the nozzle as shown in Figure 4.5.
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(a) Nozzle (b) Nozzle schematic

Figure 4.3: The nozzle next to a schematic drawing

4.3. Four pipe configurations
The experiment consists of the parts shown in appendix B and the parts shown in Figure 4.2. These
were constructed at the Boskalis wharf at Capelle aan de IJssel. After construction, these parts were
moved to the lab in Papendrecht where the actual experiments would take place. These parts con-
sisted of a frame for the measuring devices, a foundation for the jet nozzle, and a base to which the
measurement frame could be attached and used to move the frame into the right location. By changing
the order of the multiple pipes the flow of the water could be influenced to change the inflow of the water
into the nozzle. These pipe segments are shown schematically in Figure 4.4, their lengths or heart to
heart distances are given in Table 4.2. Where the 𝑟/𝐷 from the two S-bends and segment b are 2.5.

Here a is a 3-meter-long hose that connects the pump to the nozzle part of the pipe configuration.
The length of heart-to-heart distance and the inner diameter of all the pipes are given in Table 4.2.
Where part b is a bend to make the connection of the hose more manageable over the inclined table
to which the pipes are fastened and part d is two bends attached in an S-shape, an S-bend, to add a
spiral flow to the water.

Part Length or hth [m] Inner diameter [mm]
a 3 100
b 0.35 80
c 0.54 80
d 0.2 80
e 1 70

Table 4.2: Length and diameter of pipe segments

Using these different segments four different pipe configurations were created to simulate different
parts of the water trajectory in the vessel.

4.3.1. Straight jet pipe configuration
Most tests were done with a straight jet configuration, as shown in Figure 4.4a. This consisted of
the hose from the pump to the first bend and from there on only straight pieces of pipe. This set-up
consisted of the pieces a,b,c and e when consulting Figure 4.4. This pipe configuration would most
likely be the best of the considered configurations since the flow experienced no negative influences
when compared with the other three pipe configurations.
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(a) Straight (b) Middle bend

(c) End bend (d) Flap

Figure 4.4: The four different pipe configurations used for the experiments
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4.3.2. End-bend pipe configuration
Since the jet has to turn a bend in the actual hull of the vessel its influence needed to be studied. This
is why part d from Figure 4.4 was placed before the nozzle, as shown in Figure 4.4c. Mimicking the
bend in the pipe layout of the vessel had a significant influence on the cohesion of the jet at the nozzle
exit.

4.3.3. Middle-bend pipe configuration
To somewhat reduce this influence the bend was moved somewhat backward between parts c and e,
as is the set-up in Figure 4.4b. This is slightly more accurate to the actual situation in the vessel and
showed how a possible reduction in secondary rotating flow would influence the water jet. This is also
the pipe configuration visible in Figure 4.2.

4.3.4. Flap pipe configuration

Figure 4.5: Schematic flap
nozzle

Since the nozzle in the vessel is closed off with a rubber flap to prevent
sand from entering pipes this was mimicked as well, as shown in Figure
4.4d. This was done by cutting off the tip from the nozzle under a 40-
degree angle and attaching a rubber flap of roughly the same material over
this angled nozzle, as shown schematically in Figure 4.5. The water inflow
of this pipe configuration was the straight inflow the same as in the straight
pipe configuration, Chapter 4.3.1. Adding a bend into this pipe configura-
tion would have brought different variables whose effects would be hard to
distinguish from each other.

4.4. Description of the used measuring devices
The entire experimental composition consists of multiple parts coming to-
gether to be able to measure the desired values. The devices used in com-
bination with the before mentioned pipes will be discussed more in detail
in this segment.

4.4.1. Pitot tube

Figure 4.6: Schematic drawing of a
pitot tube

To produce the velocity of the jet over its trajectory the velocity of the
jet has to be determined at multiple different locations. The velocity of
the jet will be determined using a pitot tube and Formula 4.1. Which is
a rewritten version of Formula 3.21. This pitot tube is connected to a
differential pressure sensor using an impulse tube. Multiple pressure
sensors are connected to the pitot tube, a relative pressure sensor
with a range from 0 to 5 bar and an absolute pressure sensor, also
with a range between 0 to 5 bar. These pressure sensors are used to
determine the pressure at the location of interest where the water jet
connects with these measuring devices. The pitot tube at the impact
location of the jet measures the total pressure at location 1 in Figure
4.6 and the static pressure at location 2. The total pressure is the sum of the static and dynamic
pressure. Meaning that the dynamic pressure can be determined by subtracting the static pressure
from the total pressure. Which in turn can be used to calculate the velocity as shown in formula 4.1.

𝑢 = √2(𝑝1 − 𝑝2)𝜌 (4.1)

Where 𝑢 is the velocity, 𝑑𝑝 = (𝑝1−𝑝2) is the pressure difference and 𝜌 is the density of the air-water
mixture.

The pressure sensors were connected to the pitot tube as shown in Figure 4.7. Where the stagnation
pressure is measured by the absolute and the relative pressure sensor. The relative pressure sensor
also measures the static pressure to determine the dynamic pressure.
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Figure 4.7: Schematic drawing of the connection of the pressure
sensors to the pitot tube

At the nozzle a pressure sensor was also
connected. This was to determine the pressure
at the nozzle, there was a impulse tube connect-
ing this nozzle directly to the pressure sensor.
Since the density in the nozzle can be assumed
to be only water the velocity here can be calcu-
lated by using the pressure from this pressure
sensor without having to measure the density.

The electrical pressure transducer turns the
measured pressure in a signal between 4 to 20
mA. Which by way of the converter is turned into

a digital signal. This digital signal is logged by Dredge Datalogger, a Boskalis-made program. The value
this logger puts out is interpreted as the pressure measured by the pitot tube.

4.4.2. Rods with conductivity sensors
The density is determined by connecting two rods with conductivity sensors in an X-shape close to
the pitot tube, as shown in Figure 4.9. The conductivity concentration measurements are used in this
scenario to measure the density of the air-water mixture in which they are submerged. These two
rods have closely placed electrodes through which a current can run. The material in between these
points influences the amount of current running from one side to the other. Whereas air is not a great
conductive material, water is a very conductive material. Using an amplifier and a NI-DAQ (National
Instruments -Data acquisition) these rods are connected to the PC, as shown in Figure 4.8. Where
using a simple LabView set-up the conductivity between the points is given, as shown in Appendix C.

Figure 4.8: Rods with conductivity sensors
to amplifier to NiDaq to PC

The rods with conductivity sensors give a maximum range
between roughly −3 and 10 volts. The −3 measurement corre-
sponds to pure air and the 10 Volt measurement corresponds to
pure water. The maximum measurement of these conductivity
sensors was around 10, 7 volt, which is why the range was cho-
sen as large as possible without having the sensors clipping at
this largest value. If the sensors were to clip at this largest value
it would render the data unusable. An example from a test which
was used to verify the largest and smallest voltage value from
that day is given in Appendix D. Most measurement profiles in air
corresponded with a line around the −3 value with peaks shoot-
ing upwards in the direction of the 10 Volts, but rarely reaching
it. The reverse was the case for measurements for the measure-

ment profile in the water, where there were spikes downward from the 10 volt line in the direction of −3
volt. The conductivity sensors measured the voltage value with a sample rate of 50Hz. This resulted
in a large batch of data which corresponds to a water and air percentage, part of the raw data is shown
in Appendix E. The interpretation of the rods with conductivity sensors is expanded upon in Chapter 6.



4.4. Description of the used measuring devices 25

4.4.3. Measurement frame

Figure 4.9: Conductivity points numbered in the frame

The rods with conductivity sensors were con-
nected to the frame in the shape of a cross, as
shown in Figure 4.9. In this image, the measure-
ment numbers of all the conductivity points are
shown. These correspond to the output number
in the NiDaq. Most often the measurements of
points 1,9 and 10 were used. Since these were
closest to the pitot tube. Point 2 is also very close
to the pitot tube entrance but is somewhat shel-
tered by the pitot tube and the other conductivity
rod, giving values that were often considered in-
accurate. The average values of 1,9 and 10 were
used to determine the water percentage at the
pitot tube.

4.4.4. Volumetric flow rate meter
Besides the pressure sensors, the volumetric
flow rate in the pipes was also measured by
an Electro Magnetic Flow meter (EMF). Situated
at the dredge pump, to measure the discharge.
These measurements were given together with
the nozzle pressure, the exact time, the relative
pressure, and the absolute pressure, giving the
same time values for all these measurements.
The data points were logged with a sample rate
of 1 Hz by the EMF.

4.4.5. Loadcell
For a test with sand the weight of the container when filled with sand needed to be determined. This was
done by hanging a load cell between the container and the crane which was used to lift said container.
This load cell had a limit of 1000 kilograms, when filled to the brim the container weighed around 700
kilograms.





5
Description of the experiments

Using the set-up as described in Chapter 4 different tests were done to acquire the data needed to
conclude the jet trajectory. The stagnation pressure of the jet will be measured using a pitot tube, to
determine the velocity corresponding to this stagnation pressure the density is also needed, as can
be determined from Formula 3.28. The density is determined using conductivity sensors. The pitot
tube and the rods with conductivity sensors will be attached to the measurement frame to make them
easy move and be able to place them in the center of the jet. It should be verified that the rods with
conductivity sensors are interpreted correctly, this will be discussed more in-depth in Chapter 6.

5.1. Velocity tests

(a) Measurement frame in the air (b) Measurement frame below water

(c) Measurement at water the line

Figure 5.1: Measurement frame at three different locations
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The first test were done with with the four set-ups as described in Chapter 4.3. The measurement
frame would be located somewhere in the trajectory of the jet, either above or below water. This test
was repeated multiple times using different water height and different distances from the tip of the
nozzle to the measuring device. That way a distance profile could be constructed of the velocity of the
jet versus the distance above and below water.

Besides the stagnation pressure and density at the centre of the jet multiple velocity profiles were
constructed at varying distances. This was done by moving the measuring devices straight through
the jet in vertical direction after the center of the jet was found. With this measurement the vertical
width of the jet could be determined and the pressure through the jet over its distance. For later tests a
peristaltic hose pump was used as well to help and verify the water percentage in the jet measured by
the rods with conductivity sensors. This data was not used in the eventual data analysis in this report,
this is expanded upon in Appendix F.

Profiles were made of the four different set-ups as mentioned earlier. The most profiles were made
of the straight upstream pipe set-up, less profiles were made of the other three set-ups.

5.2. Erosion test

(a) Sand container during jetting (b) Sand container after jetting

Figure 5.2: Pictures of the sand test

After the tests described above some tests were done including sand, to determine the sand pro-
duction by the water jet, the sand properties are expanded upon in Appendix G. All these tests were
done with the straight upstream pipe set-up. A container filled with sand was jetted upon for 30 seconds
at multiple different water heights to determine the influence of the water height on the production of the
jet. For this test, the red container, which can be seen in Figure 5.2, was filled with sand. The container
has a volume of 107 by 68 by 44 cm. The sand was packed as densely as possible by using a vibrating
rod. When it was filled to the maximum the container was lifted using the crane and topped off with
water, this was to make sure that the container was always entirely full. Using a load cell between the
container and the crane allowed for determining the weight of the sand, water, and container. Then
the container was placed at the location of jet impact, where it was jetted on for 30 seconds. After that,
it was removed from the flume and again weighed while the container was topped off with water. The
difference in weight between the measurement before and after was used to determine the amount of
sand removed from the container. Since the container was topped up with water after the experiment
the removed weight was sand only, using the difference between the density of water and sand the
actual sand production of the jet could be determined.

After the sand was eroded by the jet the frame with the pitot tube was placed at the same location to
measure the water density and stagnation pressure at that point. This related the measured production
to the stagnation pressure and density corresponding to this location.
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5.3. Measurement procedure
All the tests were done in roughly the same way with a consistent order of operations. At the start of
each testing day a measurement was done of the rods with conductivity sensors hanging still entirely
in the air and then entirely in water, this was done to have a reference measurement for the rods with
conductivity sensors for the tests done on that day. The air and water values could change somewhat
depending on water temperature or air humidity. Second, the air was vented out of the polyethylene
tubing connecting the pitot tube to the Rosemounts, to make sure there were no air bubbles that could
distort the pressure measurements. Then all the devices were turned on; the NIDAQ, the transducer,
the amplifier, and the volumetric flow rate meter, in some cases Go Pro cameras were turned on as
well. After making sure all the programs were running and would save the data correctly the dredge
pump was switched on. The cart off of which the measuring frame was hanging was moved into the
center of the jet as accurately as possible, a picture of which is shown in Figure 5.3. By moving the cart
while reading the live pressure measurements the center could be roughly approached, after which the
cart was secured in place. Then the x-y-table on the cart was used to even more accurately approach
the center of the jet with the pitot tube by moving the frame in small increments in horizontal and vertical
directions. When the center was approached as close as possible the measuring device was secured
in place using a tension strap. While all of the devices were running for a few minutes some pictures
or videos were shot of the experiment, after which the dredge pump and all of the measuring devices
were turned off. The collected data was saved on the laptop with a file with some remarks about the
experiment if needed. After the water had settled a laser distance meter was used to determine the
distance from the jet nozzle to the pitot tube. In between some tests, some rather big changes had
to be made to the setup to be able to measure different settings. Such as changing the height of the
attachment of the measuring device on the x-y-table to reach different distances, increasing the water
height in the flume to reach different water depths, or changing the set-up from the pump to the jet
nozzle by including an S-bend, adding length or using a different nozzle.

The second test, where the sand was eroded from a large container by the jet, had some extra
steps. The container was first filled with as much sand as possible, by using a vibrating rod to make
the sand as dense as possible. After which the container was lifted by a crane equipped with a load
cell to determine the weight of the container and sand. While hanging in the load cell the container
was topped up with water to fill the entire volume of the container. When the weight was known it was
placed at the location of impact of the jet where it was jetted upon for 30 seconds. Then it was removed
from the flume and again hung in the load cell and topped up with water to determine the amount of
sand removed by the water jet. After the removal of the container, the frame with the pitot tube was
placed at the location where the sand was jetted away earlier to relate the production determined with
the weight difference of the container to the stagnation pressure and density measured by the frame
at the same location. This was done multiple times with the container and frame placed at the same
location but with an increasing water height. This allowed for finding a correlation between the water
depth of the sand and the production, both a calculated production and a real production determined
with the sand.

5.4. Visually determined jet diameter

Figure 5.4: Close up picture of the diameter of jet

To determine the water percentage of the jet
at locations close to the nozzle where the
frame could not reach high shutter speed im-
ages where taken. As shown in Figure 5.4
pictures were taken with a ruler situated be-
low the jet to be able to determine its diame-
ter. Since the volumetric flow rate at the exit
of the nozzle is known and the diameter at
the distance from the nozzle is known the air
percentage at the location where the picture
is taken can be determined. The air percent-
age found this way is the air percentage over
the entire width of the jet. It is difficult to ac-
curately determine the width of the jet when
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Figure 5.3: The set-up during a test

measuring it against a ruler since it is pos-
sible to partially look through the jet and the
jet boundaries are not clearly defined, as visible in Figure 5.4. These measurements are used in the
graphs where the water percentage is plotted against the distance from the nozzle. Pictures of the
diameter of the jet at 0.5, 1, and 1.5 were done for all set-ups, to determine the water percentage for
the jets at locations close to the jet where the frame sometimes could not reach. Appendix H shows
the determined distances with the corresponding diameters used in the data.
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Calibration of the conductivity sensors

6.1. Conductivity sensor calibration tests
The assumption made beforehand to interpret the rods with conductivity sensors linearly proved to
be false. To find a different way to interpret this data three tests were done where the water and air
percentages were known. When measuring with the conductivity sensors during these experiments
the data could be related to known water percentages resulting in a new interpretation of the data. The
water percentage during these tests was also verified with a peristaltic pump, but due to uncertainty
about the accuracy of this pump, they were not used, as is expanded upon in Appendix F.

6.1.1. High water percentage calibration test

Figure 6.1: The cylinder used for
the test

This test, at the high end of the water percentage scale, consists of a
large cylinder with a diameter of 40 cm and a height of 1,3 meters partly
filled with water, as shown in Figure 6.1. Some more detail about this
cylinder is shown in Appendix I. A rolled-up segment of impulse tube with
different exits for air was placed on the bottom of this cylinder. On top of
the water, a ring was floating with a measurement point attached to it, to
determine the increase in volume due to the added air. When the air valve
was opened air bubbles entered the water in the cylinder, the increased
volume could be determined by eye, by looking at the increased height
of the measurement point attached to the ring. Using the difference in
volume before and after the air valve was opened the air percentage in
the cylinder could be determined. Doing this for different air percentages
resulted in the voltage percentage with a known air percentage for water
percentages between 80 to 100%. Test with less than 80% water did not
work since the limit of air from the air valve was reached and the water
started bubbling too much to accurately read the volume indicator.

6.1.2. Medium water percentage calibration test
Another test was done to be able to determine the water percentage cor-

responding to the measured voltage, by creating a packed bed of gravel in a bucket and then filling that
up with water to a predetermined volume and placing the conductivity rod in the bucket, as shown in
Figure 6.1.2. This way the amount of grit to water is known beforehand. The grit in this test was dried
for 24 hours at 100 degrees Celsius to make sure that there was no water left and that the grit volume
was entirely grit. Using the fact that grit and air both do not conduct a current it can be assumed to be
comparable. The test was done with three different grit sizes, 20 mm, 10 mm and 5 mm diameters.
This gave three different points of water-to-air ratios which can be used to find the water percentage
corresponding to a certain voltage. The three tests with different gravel sizes were repeated to find
multiple values for the water percentage as a function of the voltage percentage. Images of the three
different gravel sizes used in this experiment are given in Appendix J. The fact that the ’air bubbles’
or grit don’t move over the conductivity rod, in contrast to actual air bubbles, is somewhat negated
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(a) The bucket filled with gravel (b) Gravel and air blocking the conductivity sensor

Figure 6.2: Images of the gravel tests

by moving the conductivity rod up and down. This roughly simulates the bubbles passing along the
conductivity rod. The important difference between the two remains that the air bubbles can cover the
conductivity sensors and that way break the conductive bridge between the points, whereas the gravel
can not ’fold’ themselves over the conductivity sensors. They can increase the bridge distance, but are
not able to disconnect the conductivity from one point to the other entirely. As shown in Figure 6.2b,
where the left segment of this image shows an air bubble covering around two points and the right
part shows a rock resting against the conductivity points. Gravel was used instead of sand to more
accurately approach the size of the air bubbles as shown in Appendix K. Knowing the air-to-water per-
centage in combination with the voltage from the conductivity rod allows for more interpretation of the
voltages. The air-to-water ratio of this experiment was between 35% to 45% water, putting it roughly
in the middle of the graph.

6.1.3. Low water percentage calibration test

Figure 6.3: A frame from the high speed image test

The velocity of the water jet above water was
visually determined by frame-by-frame analysis
from a high-speed video, a frame of which is
shown in Figure 6.3. The distance over the
frames can be recalculated into the distance over
time which gives the velocity of the jet at the cho-
sen location, as is shown in Appendix L. From this
frame-by-frame analysis the velocity of the entire
jet, center, and edges, was determined to all be
close to the exit velocity of 26,8 m/s. This was
done for air measurements at a distance of 2.3
and 1.9 meters from the nozzle. The velocity, in
combination with the measured stagnation pres-
sure, can be used to calculate the density. The
velocity as a function of pressure and density as
given in Formula 3.28, can be rewritten into a for-
mula for the density as a function of velocity and
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pressure, this results in Formula 6.1.

𝜌 = 2𝑝
𝑣2 (6.1)

The density can in turn be split into water and air percentages. Using the water percentages calculated
this way they can be plotted against the average voltages measured by the rods with conductivity
sensors, resulting in a graph for the voltage corresponding to water percentages of less than 20 percent.

These three mentioned test; the cylinder test, the gravel test and the high speed imaging resulted
in three sets of data which can be used to verify the interpretation of the rods with conductivity sensors,
as will be explained in more detail in Chapter 6.

The values from the conductivity sensors have to be compared to the air percentage to be able to
make use of the measured voltages. The interpretation of this data was tried in multiple different ways.

6.2. Verified water percentages

Figure 6.4: All measured water percentages

In Chapter 5 the cylinder test, the gravel
test, and the high-speed imaging were de-
scribed. These three tests yielded three
sets of known air percentages at three dif-
ferent locations in the jet’s trajectory, the
lower percentage of 0% to 30%. the middle
segment from 35% to 45% and the upper
segment from 80% to 100%. These three
data sets were used to find a formula that
matches the measured data with the mea-
sured voltages.

6.3. Linear interpretation
In Figure 6.4 the points of these tests are
shown. Here the water percentage is shown
on the x-axis and the voltage percentage
on the y-axis. If the correlation were linear
all points would fall on the diagonal dotted
line. First, a linear relationship between the
voltage and the water percentage was as-
sumed. Where 1% of voltage range corre-
sponded to 1% of water at that location. The
voltages measured where limited between
−3 volt, which corresponds to air, and 10 volts, which corresponds to water. When this was used to
interpret the data the values from this were rather unexpected and illogical. This is why the tests from
Chapter 5 were done. As visible in Figure 6.4 this resulted in four sets of data that needed to approach
the diagonal dotted line. As visible in Figure 6.4 the linear relation seems to hold for water percentages
up to 30%, after which the linear relation starts to overestimate the water percentage.

6.4. Threshold method
Another way to look at the data is to count the number of measurements above a certain threshold.
Where the measurements crossing the threshold are considered air and the rest is considered water.
Since the measurement profile was a consistent base value of water, 10 volts, with spikes reaching
towards the air value, −3 volts, but not quite reaching it. The 10 and −3 volts corresponded to the
largest range for the conductivity sensors as expanded upon in Appendix D. The value of this threshold
was determined by stating that air and water together should be 100 percent since these are the only
two elements in the solution. When calculating the air percentage with the height increase of the water
column the corresponding percentage of water is also known. When using the volt measurements of
the conductivity sensors to calculate the water percentage and adding this to the air percentage the
resulting sum should be one. Trying this with multiple different values for the threshold can be used to
roughly approach the desired value for the threshold under these conditions. Where for the conditions
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of this test the addition of the percentages measured and calculated was between 95 and 105 percent
for a threshold of 5,69 volts. Where the ideal sum would be 100 percent, but due to inaccuracies in
volumemeasurements by eye a fault margin of 5% is acceptable. One of the conductivity probes gave a
permanently higher value than the others. When applying the thresholdmethod to thesemeasurements
the percentages were off by 10% compared to the 5% disparity for all other probes. Whether this is due
to faulty measurements or a larger range of measurements is unclear. This threshold is only applicable
to these conditions with these specific maximum and minimum voltages. But it should be applied in
such a way that it is also applicable to the other measurements where the maximum and minimum
values of the voltage differ from the ones of this test. Calculating the percentage above and below the
threshold might be used to find the thresholds which can be applied to the other measurement, which in
this case resulted in the lower 82,5% being water and the upper 17,5% being air. Plotting the resulting
density from the determined percentage of air and water for multiple different nodes against the density
when determined using the height increase of the water column should in ideal conditions result in
a diagonal graph through zero with a slope of one. After doing this for multiple measurements from
the last performed tests the points seem to approximate this hypothesis. And the points are crowded
around the imaginary diagonal through zero. The points measured during these tests are all in the high
water percentages. With water concentrations between 80 to 100 percent. Due to the nature of the
set up a further increase in air concentration made the container overflow and made the device used
for reading the height increase heave even more, making it less accurate. To make sure the trend line
estimated at the top of the graph holds for the entire spectrum the bottom part should be verified as
well.

The reverse from the threshold section from below water could be true above water. Where there
is a threshold for which the part above it should be considered water and the part below the threshold
should be considered water. The NiDaq measurements in the above water case had air as a baseline,
−3 volt, with spikes towards the water, 10 volt, which is the reverse of the below water case. The
threshold of the submerged measurements where verified with the conductivity measurements in the
cylinder as described in section 6.1.1. There was no such water percentage verification with water
suspended in the air. The velocity above water was determined to be close to the exit velocity by
frame-by-frame analysis from high-speed imaging. Finding the percentage of the threshold by using
the stagnation pressure and the known velocity resulted in considerable threshold fluctuations for a
different location in distance from the nozzle and center. Which made this method unreliable when
determining the water percentage while in the air

6.5. Vinke interpretation

Figure 6.5: Conductivity sensor interpretation[Vinke, 2009]

The rods with conductivity sensors were also
used by [Vinke, 2009] in his experiments. Here
the rods were used at a different range, from -5
to 3 volts instead of the -3 to 10 volts used in this
report. The water percentage plotted against the
voltage is roughly linear, with a single bend in the
middle. Recalculating the voltage measured be-
tween -3 to 10 as a corresponding value between
-5 and 3 gives a corresponding water percentage
according to Vinke’s interpretation. The resulting
water percentages seemed to match for high wa-
ter percentages but were not as accurate for the
other water percentages.

Applying the formulas found by Vinke to the
water percentage in the air gives too high veloc-
ities of the jet above water. The resulting veloci-
ties above water are higher than the exit velocity
of the jet, which of course is not possible. From
this, it can be deduced that the equation from
Vinke doesn’t hold at low water percentages.
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6.6. Maxwell equation

Figure 6.6: Interpretation according to Maxwell

An equation about the sand percentage deducted
from the conducting fluid from themixture is given
by [Talmon, 2011]. Based on earlier research
by [Maxwell, 1881]. The Maxwell equation de-
termines the sand percentage as a function of
change in the conductivity of the fluid due to mix-
ing in of a non-conductive substance into the con-
ductive fluid. This results in Formula 6.2.

𝑐𝑠𝑎𝑛𝑑 =
2 − 2 𝜎𝑚

𝜎𝑐𝑎𝑟𝑟𝑖𝑒𝑟
2 + 𝜎𝑚

𝜎𝑐𝑎𝑟𝑟𝑖𝑒𝑟

(6.2)

Where 𝑐𝑠𝑎𝑛𝑑 is the volumetric concentration
of sand, 𝜎𝑚 is the conductivity of the mixture and
𝜎𝑐𝑎𝑟𝑟𝑖𝑒𝑟 is the conductivity of the carrier fluid. The
situation researched in this report is comparable
to the formula of Maxwell since the sand particles
and air are both non-conductive. In Figure 6.6
the water percentage according to the Maxwell
equation is plotted against the water percentage

determined from the tests done. In the lower quadrant, the water percentage is determined from the
high-speed images. In the middle part the water percentage where the gravel was mixed in the water
and the high percentage in the cylinder with air. As is visible here the Maxwell equation overestimates
the water percentage in the middle of the range but is more accurate near the 0 and 100 percentages.

Since the Maxwell equation is based on the conductivity of the mixture compared to the conductivity
of the carrier fluid, applying its reverse on water parts in the air quickly falls apart. Since then the
mixture contains small water bubbles and the carrier fluid is air, which has no conductivity. This causes
the 𝜎𝑐𝑎𝑟𝑟𝑖𝑒𝑟 in Formula 6.2 to be equal to zero and so have to divide by zero and is thus not applicable
above water. When looking at this scenario as a water mixture with a lot of non-conductive material
mixed in it appears to be too much non-conductive material which in turn does not allow the water to
form a complete conductive bridge.

6.7. Bruggeman equation

Figure 6.7: Bruggeman interpretation

The Bruggeman equation, as shown in Formula
6.3 was applied to the measured voltages as
well. The Bruggeman equation depends on the
increased distance needed to create a conduct-
ing bridge between points when a non-conductive
material is mixed into a conductive material.
[Tjaden et al., 2016] expanded on Maxwell’s
equation for particles of differing sizes. Where
different particle sizes are seen as different solu-
tions in the mixture and summed to create a solu-
tion with particles of different sizes. Bruggemans
model is more catered towards systems with a
range of particle sizes. For air bubbles in water
the range of differing bubbles is relatively small,
when visually determining the size of bubbles
during the cylinder test the bubbles were very uni-
form in size. The Bruggemanmodel gives slightly
lower values than the Maxwell equation.

𝜎𝑒𝑓𝑓
𝜎𝑙𝑖𝑞𝑢𝑖𝑑

= 𝜖
(1+𝑛)
𝑛 (6.3)
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Where 𝜎𝑒𝑓𝑓 is the conductivity of the mixture and 𝜎𝑙𝑖𝑞𝑢𝑖𝑑 is the conductivity of the liquid where the
less conductive material is mixed in. The 𝑛 is 2 because the non conducting material is assumed
to be circle. The 𝜖 is the percentage of the conducting liquid. As shown in Figure 6.7 the equation
overestimates the water percentage in the lower and middle segment of the graph.

The Bruggeman equation was applied over the entire range of the jet. At high and low water percent-
ages it overestimated the amount of water. This could be due to only the mixture conducting electricity
and the mixed in material, air, not conducting at all. Where the formula takes the conductivity of the
mixed in material as a part of the function which in this case is taken as zero.

6.8. Archie’s law

Figure 6.8: Archie’s law interpretation

Archie’s law, [Archie, 1942] gives the in situ
electrical conductivity, 𝐶𝑡 of a porous rock as
a function of its porosity, 𝑛0, and its fluid sat-
uration, 𝐶𝑤, as shown in formula 6.4. Where
the porosity is to the power of the conductivity
exponent of the rock, 𝑚, and 𝑛 is the satura-
tion exponent. Archie’s law gives the elec-
trical conductivity as a function of the water
saturation of the mixture whose conductivity
needs to be determined.

𝐶𝑡 =
1
𝑎𝐶𝑤𝑛

𝑚
0 𝑆𝑛𝑤 (6.4)

In the case of water jetting there are no rocks
present so the rock conductivity exponent
is set equal to zero, which leaves the fluid
saturation. This can be assumed to be the
amount of air left in the rock which is taken as
the amount of air left in the water. These as-
sumptions reduce the formula to a constant
times the fluid saturation to the power of the
saturation exponent. This results in a formula

which relates the water percentage to the voltage as a function of the voltage to the power of 1 over a
constant, as shown in Formula 6.5.

𝑊𝑝 = (
𝑉𝑎𝑣𝑔 − 𝑉𝑚𝑖𝑛
𝑉𝑟𝑎𝑛𝑔𝑒

)
1/𝑐

(6.5)

Here 𝑊𝑝 is the percentage of water, 𝑉𝑎𝑣𝑔 is the average voltage during the measurement, 𝑉𝑚𝑖𝑛 is the
minimal voltage, 𝑉𝑟𝑎𝑛𝑔𝑒 is the range of voltages and 𝑐 is a constant that was determined by fitting the
formula different times over the known values. This resulted in a value of 0.65 for the constant 𝑐.

As visible in Figure 6.8 Archie’s law approximates the diagonal line well for the high water percent-
ages but underestimates it for low water percentages. This might be due to the low water percentage
measurements coming from measurements in air where the conductivity sensors are generally less
reliable, which is expanded upon in the discussion, Chapter 9. These points are also determined in a
different way from the other two data sets as discussed in Chapter 4.3.

6.9. Measurement interpretations overview
Below the waterline, where the amount of water is much larger than that of air, most of the above men-
tioned formulas resulted in roughly the same values for air to water percentages. Where Archie’s Law
and the Maxwell Equation seemed to match the best with the found values between 80 to 100 percent
of water, when compared to the values found using the cylinder test. For the low air percentages, 0
to 30 percent, the formulas all fell short and were unable to be corroborated using the data found from
the cylinder test. This resulted in reasoning backwards from the velocity to the water percentages by
using the high speed imaging. This gave a relation between the water percentage and the voltages of
the conductivity sensors for low water percentages. This left a large gap in the middle of the graph be-
tween water percentages of 30 to 80 percent. Using just these two data sets a clear model describing
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the range from 0% to 100% was not found. Instead of using two models which would intersect each
other around the 45% mark a third test, the gravel test, was done to bridge the gap between 30% and
80%. Archie seemed to match the three data sets more accurately than the other explored options.
The constant in the power of Archie’s law allowed for tuning of the formula to relate to the data points
as close as possible.

For a value of 1 for the power in Archie’s law the velocities of the jet are around the 26𝑚/𝑠 mark. To
confirm the accuracy of this approach the water percentages at different distances from the center were
determined, by using the other measurement points as visible in Figure 4.9. By determining the water
percentages at different distances from the center the total volumetric flow rate could be determined.
This was done by determining the water percentage at each measurement point and then weighing
them according to the percentage of the total surface this theoretical ring occupies. Since the surface
over which the measurement water percentage is applied increases with increasing radius faraway
points weigh heavier than percentages closer to the jet center. The calculated water percentage was
compared to the theoretical water percentage and the percentage determined from the images of the
jet diameter, Figure 5.4.

For a value of 1 in the power of Archie’s law the calculated volumetric flow rate was twice as high
as the volumetric flow rate at the exit of the nozzle. When the same was calculated for a power of 0.65
the calculated volumetric flow rate matched to theoretical volumetric flow rate. But when calculating
the velocity of the jet the velocities were twice as high as the velocity which followed from the high
speed imaging. For the data to result in velocities that matched the theory and high speed imaging the
calculated velocities had to be divided by 2. Which is why a factor was added.

6.10. Applied factor to interpretation method

Figure 6.9: Archie’s law with factor 0.5 interpretation

The model most approaching these three
measurement points was Archie’s law. Chang-
ing the power in Archie’s law allowed the
model to either approach the measurement
points near the 100% correctly or the points
near the 0% correctly, depending on the
value chosen in the power of the formula.
When adding the points determined around
the 40% mark the model approaching the
100% proved more accurate. This left the
points near the 0% mark out of line. These
points were determined by visually determin-
ing the velocity using high-speed imagining
and using the pressure at this location to
reason back to the air and water percent-
ages. If there is an inaccuracy in these mea-
surements it is most likely at the low water
percentage. When multiplying the low wa-
ter percentage points by a factor of 2 the
points more closely approach the proposed
line. This result can be reached by either
multiplying the water percentage by two or

adjusting the pressure or density that was used to determine the water percentage through high-speed
imaging, which is the more likely solution. The reasoning behind this is discussed more in-depth in
Chapter 9 and Appendix M.

When applying a factor over the pressure of the measurements the mathematically determined
water percentages are closer to the experimentally determined water percentages at the low water
percentage. Since the gravel and cylinder test did not use pressure to calculate the water percentage
those points remain the same.





7
Results of individual configurations

For all the jet configurations the same graphs were plotted using the data acquired during testing and
given in Appendix E. Some measured points were left out in this chapter due to unreliability these are
shown in Appendix N and O. The profiles are given with the center of the jet occurring at the largest
stagnation pressure. The center of the jet in the water percentage jet is next to the peak of the profile.
This happened in almost all measurements. To correct this the water percentage graphs are moved
so that the peak also corresponds to the largest water percentage, this was 10 mm, this was equal
to the distance between two measurement locations. This was most clear by the percentage profile
above water, where the other water percentage profiles have been moved by the same distance. The
resultant velocity profiles are calculated using these slightly moved graphs. The resultant profiles for if
the percentage graphs were not moved are given in Appendix P.

First, the profiles of the measured stagnation pressure and water percentage are given. Using
these values the resultant velocity profile can be plotted. The last graph is the measured density and
calculated velocity of the center of the jet at certain distances in the jet traveling direction from the
nozzle. Where the jet traveling direction is taken as the line continuing straight from the nozzle under
the same incline of 40 degrees.

7.1. Velocity profile for straight configuration in air
The water percentage over the distance is decreasing rather fast, as visible in Figure 7.1d. Indicating
the amount of air quickly entrained into the jet over its trajectory. Showing that even at short distances
air is quickly entrained into the jet. Graphs 7.1a and 7.1b show the small center of the jet where there
is still a lot of water. The water percentage and its pressure quickly reduce when moving away from
the center of the jet.

As visible in Graph 7.1c the jet velocity crosses the 26,8 meters per second line, which is the exit
and maximum velocity possible of this jet. This is likely due to the very low water percentages, as
shown in the water percentage graph, for which the pressure is compensated. This results in a very
high total pressure, in turn resulting in too high water velocities. These velocities in reality are lower,
as determined by high-speed imaging.

7.2. Velocity profile for straight configuration below water
The measurements under water are a continuation of the measurements above water mentioned in
Chapter 7.1. These show the velocity and water percentage after the jet has pierced the waterline.
For the measurements done below water, there were multiple different measurement depths and water
heights used. The measured percentages and velocities are shown in Figure 7.2. Where the pressure
profile and water percentage profile are shown in Figures 7.2a and 7.2b respectively. Combining these
two graphs results in the third profile of the velocity over the distance from the jet center. Noticeable
is the velocity profile of the jet at a water depth of 0.29 m, which results in the largest velocity. When
looking back at the pressure and water percentage profiles the water percentage is very low above the
water jet, this might be due to the entrained air leaving the jet at the upper side of the jet. This low water
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(a) Pressure profile (b) Water percentage profile

(c) Velocity profile (d) Velocity and water percentage at distance

Figure 7.1: Graphs for the straight configuration above water at three distances from the jet nozzle in the jets trajectory
(𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟)

percentage resulted in large velocities during the data analysis. Besides the low water percentage, the
jet pressure is seen to be much larger than that of the next-located jet. This could be due to the jet
center better approaching the pitot tube when compared to the slightly less deep jet measurement.
The high pressure can be explained due to the jet practically functioning as an above-water jet since
the water depth is so small. Since the velocity and pressure approach that of a jet in the air. When
the water depth above the pitot tube was shallow enough the pitot tube was visible from the shore and
seemed to not be submerged at all, as shown in Figure 5.1c.

In Figure 7.2d a profile is shown with a small part above water and then the evolution of the jet after
penetrating the waterline. Where the water percentage matches with the one above water from Figure
7.1d, but with a sudden increase as soon as the jet hits the water. And the velocity decreases as soon
as the jet hits the water.
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(a) Pressure profile (b) Water percentage profile

(c) Velocity profile (d) Velocity and water percentage at distance

Figure 7.2: Graphs for the straight configuration below water at five water depths (𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟)

7.3. Velocity evolution for middle bend configuration

Figure 7.3: Velocity and water percentage evolution of the middle
bend configuration (𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟)

In this middle bend configuration there is a
straight piece of pipe after the S-bend be-
fore the water reaches the nozzle, as shown
in figure 4.2 and Figure 4.4. This part helps
to reduce the secondary flow induced by the
bend before the jet exits the nozzle. As
shown in Figure 7.3, the velocity of the jet
decreases roughly the first meter after hit-
ting the water line, while the water percent-
age increases when the air entrained by the
jet, while above water, floats towards the wa-
ter surface. When comparing this jet with
the straight inflow jet the water percentage
seems to increase more quickly. The profile
graphs of both bend configurations, with and
without the pipe after the bend, are shown
side by side in Figure 7.4 where they are
compared more to determine the influence of
the secondary flow.

7.4. Velocity profile for both bend configurations
In Figure 7.4 the graphs from both S-bend configurations are shown side by side. From this, the
reduction in secondary flow due to the straight piece of pipe can be seen. Where from Figure 7.4a the
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difference in pressure between the two configurations is clear, where the middle bend configuration
has a clear pressure peak and the end bend configuration does not. Combining this graph with the
water percentage graph from Figure 7.4b results in a graph that shows the two velocities side by side
in Figure 7.4c. The water percentage graph has more water below than above the center of the jet, as
is expected due to the buoyancy of the entrained air bubbles. The difference between the two water
percentages is also likely due to the end bend configuration entraining more air while above water,
as visible in the jet images shown in Appendix Q. The resulting velocity of the end bend configuration
crosses the profile of the middle bend setup. This is likely due to the low water percentage measured
at this location. Some points are left out of this graph since the large velocity at a large distance from
the jet center seemed unlikely, this data is shown in Appendix R.

From Figure 7.4d the low water percentages before the jet hits the water is visible. The water
percentage measured by the middle bend configuration, shown in Figure 7.3, is much larger. which
corresponds to the visually determined air percentage being much larger in the end bend configuration
than the middle bend configuration, which also follows from Figure 7.4b. The velocity of the jet seems
to decrease slightly quicker for the end bend configuration as well.

(a) Pressure profile (b) Water percentage profile

(c) Velocity profile (d) Velocity and water evolution of the end bend configuration

Figure 7.4: Graphs for both the bend configurations at two distances below water (𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟, 𝐻𝑛 = 1.8𝑚)

7.5. Velocity profile for flap configuration
Figure 7.5a shows the pressure profiles of three distances from the flap configuration. These are
all relatively close together. Figure 7.5b shows the water percentage of this flap which is very low
for the two closes measurements. And relatively large for the furthest measurement. The low water
percentage for the closes two is likely due to the large amount of air entertainment for this jet. As shown
in Appendix Q the jet is very wide and has a lot of air in it which it entrains into the water. Likely a lot
of air is entrained of a short amount of depth after which the stagnant water increases the percentage.
Figure 7.5d shows a quick water percentage increase after the waterline is penetrated. There are few
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(a) Pressure profile (b) Water percentage profile

(c) Velocity profile (d) Velocity and water percentage at distance

Figure 7.5: Graphs for the flap configuration above water for the upper two and 0.1𝑚 below water for the jet at 2.65𝑚 distance
(𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟)

data points below the waterline but the water percentage seems to quickly increase. This would explain
the high water percentage form the furthest measurement point from Figure 7.5b

As visible in graph 7.5d the jet velocity after hitting the water line drops quickly. Where in the first
half a meter it reduces from 26,8 to 5 meters per second, with the density increasing rapidly over the
same distance.

When looking at the velocity and density profile, shown in Figure 7.5c and Figure 7.5a respectively,
the velocity in the centre of the jet seems to decrease quickly over distance, especially after penetrat-
ing the waterline. Where the water percentage is also seen as very low above water at the first two
distances from the nozzle and the high at the furthest measurement from the nozzle. Where the air
bubbles are seen to rise towards the water surface as evident by the large density discrepancy above
and below the jet centre in the density profile graph.

7.6. Remarks velocity profiles for all configurations
The velocity profiles sometimes cross the 26,8 m/s boundary which should not be possible. When
this happens the water percentage profile shows low water percentages. This seems to imply that at
very low percentages the interpretation of the conductivity rod data, in combination with the stagnation
pressure, is still somewhat insecure. Though this seems to be mostly the case at very low water
percentages.

The profiles also show a water percentage difference between the upper and lower part of the
profile. This is due to the entrained air bubbles rising to the water’s surface. Which reduces the water
percentage above the jet center. This somewhat influences the pressure profile, as can be seen in
Figure 7.1a, where the pressure seems to reduce quicker above the jet than below it.

In Appendix S pictures are shown of the jet when exiting the nozzle. These pictures show the the
distance over which the diameter stays equal for the different configurations. Noticeably the width of the
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jet is roughly constant for the straight and the middle bend configuration. The end bend configuration
increases in size very quickly, due to the rotating motion of the jet when exiting the jet nozzle. The
width of the flap configuration increases immediately after exiting the nozzle due to the flap preventing
any of the water to move upwards and flattening the water jet. To have the same volumetric flow rate
while the height at the exit gets reduced makes it so that the width increases.

Appendix Q shows a picture of the jet from the nozzle to the water surface. From these images the
increase in diameter from the different configurations is visible. Where the end bend configuration is
the widest jet as corresponds with the low water percentages above the water line as determined in
Chapter 7. Followed by the flap setup, then the middle bend setup, with the straight configuration being
the most coherent. This matches the water percentages above water discussed in Chapter 7. Below
water, this trend continues as shown in Figure 8.2b. Where the end bend configuration has the lowest
water percentage and thus the most air entrainment.

7.7. Erosion evolution for the straight configuration

Figure 7.6: Jet production evolution at increasing water depths

The erosion of the jet with the entirely straight configuration was plotted against the vertical distance
below the water line to determine the erosion of the jet at different water depths. This gives the observed
erosion velocity and the calculated erosion velocity using the water percentage and stagnation pressure
that were measured at the same location where the sand was eroded using the measurement frame.
The calculated production was determined using the pick-up functions of Winterwerp, van Rijn (2018)
and Cheng, as mentioned in Chapter 3.9. These formulas were used since these pick-up functions
are in the same order of magnitude as the measured production. These two pick-up functions usually
underestimate the erosion according to [Heijmeijer et al., 2022]. The jet in this report is much less ideal
than the straight, fully submerged jets on which these functions are based, which is why it makes sense
that these functions are in the same order of magnitude. The results are shown in Figure 7.6, with the
water depth on the x-axis and the erosion velocity on the y-axis. Where the sand or measurement
frame was always at the same height and the water level was the only variable. Plotted here is the
erosion as determined by the sand container test with beside it the production as according to van Rijn
(2018), Winterwerp and Cheng. From the graph it follows that the influence of the first halve a meter
of water above the sand has very little influence on the production of the jet. This might be due to the
entrained air forming a sheath around the jet at the start so the stagnant water does not decrease the
velocity as much.
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Analysis of configurations side by side

8.1. Analysis for all configurations side by side

(a) Pressure evolution (b) Percentage evolution

(c) Velocity evolution with a development zone (d) Velocity evolution without a development zone

Figure 8.1: Jet properties evolution in the traveling direction of the jet at vertical water distances (𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟)

Figure 8.1a shows the stagnation pressures of the different configurations at different water depths
where the water depth is expressed as the distance below water in line between the nozzle and the
frame, so with a diagonal under a 40-degree angle. Here a clear difference between the four config-
urations is shown just like the pressure over distance as given in Figure 8.2a. Where the pressure of
the straight setup is the largest, with the middle bend and the flap being comparable and the end bend
configuration exerting the lowest pressure.

Next to this, the water percentages at the same locations are shown in Figure 8.1b. The order from
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largest to smallest water percentage follows that of the pressure from straight to flap and middle bend
to end bend. All increase in water percentage until all the air bubbles have floated upwards and there
is little velocity left in the water.

Combining the pressure and water percentages gives the velocity as shown in Figure 8.1c where the
four configurations are shown in the same graph. Here the velocity is plotted against the jet traveling
direction that the jet has traveled below the water line, in the continuation of the jet at a 40-degree
angle. The black dotted line is the theoretical velocity according to Formula 3.15. Figure 8.1d shows
the same graph but for the jet without a development zone, where the jet velocity according to the
theory approaches the higher of the two trend lines. All four different configurations are very close to
each other, but there still seem to be two different groups of velocity evolution. This is shown by the two
red trend lines through the dots. Where the upper trend line follows between the straight and middle
bend data, and the lower trend line follows between the end bend configuration and flap data.

The velocity of the flap and the end bend configuration decrease in velocity the quickest, with the
flap being slightly quicker in reducing its velocity. The straight setup and the middle bend configuration
seem pretty close to each other as well. These two appear to be the better options. The end bend
configuration looks to perform the worst in pressure and water percentage when looking at Figure 8.1
and Figure 8.2. The flap configuration seems relatively close to the middle bend set up, but has a
smaller peak in the pressure graph as shown in Figure 8.2a, and its water percentage seems to reduce
slightly quicker than that of the middle bend as shown in Figure 8.2b. The straight set up has the
largest pressure and water percentage at the jet center. Both of these are lower for the middle bend
configuration but their velocities are still very close together.

The difference between these two groups might be larger than described here since the low per-
forming jet have low water percentages. As mentioned in this report low water percentages are likely
to overestimate the velocity, which is why the gap between the two groups might be larger than shown
here.

(a) Pressure (b) Water percentage

(c) Velocity

Figure 8.2: Jet profiles for all set ups at vertical distances below the waterline (𝐷𝑛 = 2.5𝑐𝑚, 𝑝 = 3.6𝑏𝑎𝑟, 𝐻𝑛1.8𝑚)
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In Figure 8.2a the jets are all roughly at a distance of 2.4 meters from the nozzle and around a depth
of 30cm. From here it shows that the pressure of the straight jet is roughly 30% higher than the jet with
the middle bend and flap, which are close to each other, but with different jet diameters. With at the
very bottom of the graph the end bend configuration, just like in Figure 8.1a. The water percentage
order from the profiles in Figure 8.2b matches with Figure 8.1b as well. The velocities are close to each
other as well, as shown in Figure 8.2c. Some points were removed from these figures since they were
deemed inaccurate due to very low water percentages resulting in very high velocities. The full graphs
are given in Appendix N and O.

8.2. Straight upstream configuration analysis
The jet with the straight inflow towards the jet is the jet with the highest pressure, largest water per-
centage and jet with the smallest width. In the graphs shown in Chapter 7 the underwater velocity of
the jet is also shown. As visible in Appendix S the water jet for the straight configuration is the most
coherent while above water. The air measured under water is most likely entrained in the jet while
in air. where the large contact surface between the jet and the air makes entrainment easy. This air
shows up again underwater where it leaves the jet while floating towards the water surface due to its
buoyancy. The straight jet entrained less air than the other configurations as can be determined from
Figure 8.2b which shows the water percentages of the jets side by side.

8.3. Middle bend configuration analysis
The middle bend configuration is slightly less coherent than the straight water jet set up as visible in
Appendix S. Figure 8.2b shows that this jet has the second highest water percentage in the jet center
right after the straight configuration. This configuration also about the second largest pressure, together
with the flap set up and is the second widest jet after the straight configuration, as can be seen in Figure
8.2a. This is likely due to how similar the middle bend jet configuration is to the straight configuration.
The straight piece of pipe after the S-bend removes a lot of the secondary flow induced by the S-bend
present in the configuration.

8.4. End bend configuration analysis
The end bend configuration is the least coherent jet, as shown in Appendix S. Due to the water being
swirled around in the bend and after that immediately exiting through the nozzle the rotational motion
of the water is still present in the jet. This causes the jet to swirl in the air. As visible in Figure 8.2b and
8.2a this set up has the lowest pressure and water percentage of the tested configurations. Looking
at the pressure decrease over water depth in Figure 8.1a shows that the pressure of the jet was never
very high to begin with. This was also the jet with the most inaccurate measurements due to very low
water percentages recorded by the rods with conductivity sensors.

8.5. Flap configuration analysis
This configuration has roughly the same water percentage and pressure at the jet center as the middle
bend configuration, as shown in Figure 8.2a. The profile of this configuration is much smaller than the
middle bend configuration, as can be seen in Appendix S. The flap flattens the jet the moment it leaves
the nozzle resulting in the small jet center visible in Figure 8.2a. In Figure 8.2b it shows that the flap
configuration has a high water percentage below the jet center and a low water percentage right above
it. Due to the jet center being very small and having more air bubbles above the jet center than below
it.

8.6. Comparing the four configurations
The production of a jet depends heavily on velocity, as visible in Figure 8.1c the velocity of the different
jets can be split in two groups of comparable velocity. The velocity being comparable can be due to the
entrainment of air around the plunging parts of the broken up jet. These entrained air films have a much
lower density than the water of the jet and barely reduces its velocity, keeping the velocity constant.
When these small jet parts come in contact with water the large density of the water that needs to be
entrained by the jet quickly slows the jet down. Making the speed reduction fastest for the jets with the
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least width. Which agrees with the order of the jets in Figure 8.1c.
The difference in water percentage of the jet, as shown in Figure 8.2b might influence the production

of the jet. The water percentage is a part of the erosion velocity formula, as shown in Formula 3.18
where the 𝜌𝑚 is the density of the mixture of air and water and not purely the density of water. When
pure air shears over a sand bed there likely will not be any erosion of sand. If the same velocity over
the sand bed would be sheared by pure water instead of air the erosion velocity of the sand bed will
likely be much higher. A larger 𝜌 at the same flow velocity will result in a larger bed shear stress. As
visible in Figure 8.2b the water percentage of the straight jet is higher than that of other jets and over a
larger width than the other jets. The first assumption was that the erosion happening would be better
because of the higher water percentage and the larger width of the jet center.

(a) Erosion velocity at 26, 8𝑚/𝑠 (b) Water percentage of a jet with an original diameter of 2, 5𝑐𝑚

(c) Erosion as a function of the water percentage

Figure 8.3: Erosion of a jet with increasing diameter and reducing water percentage

In Figure 8.3a the erosion velocity is plotted against the water percentage according to Winterwerp
and van Rijn (2018) for a jet with a velocity of 26, 8𝑚/𝑠. From this graph, it is clear that a larger water
percentage corresponds with a larger erosion velocity.

In Figure 8.3b the jet diameter is given as a function of the water percentage for a jet with a nozzle
diameter of 2, 5𝑐𝑚. Where a larger water percentage corresponds with a smaller jet diameter.

Combining these two graphs results in the erosion of the jet as a function of its water percentage,
which is shown in Figure 8.3c. This figure shows that from a water percentage of 20% onward the
erosion is practically constant. This would mean that the coherence or water percentage of the jet
does not influence its erosion.
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8.7. Erosion analysis
Chapter 3.11 mentioned the erosion according to Vlasblom with the corresponding formula, given in
Formula 3.22. Since all these numbers are known the production according to Vlasblom can be cal-
culated. Theoretical the production of this jet according to Vlasblom is 0.0157𝑚3/𝑠. Making it nearly
four times as large as the largest measured production according to Figure 7.6. The main difference
is that Vlasblom assumed a straight submerged jet, as opposed to a plunging, inclined jet. And the
production according to this formula does not decrease over the distance since impulse conservation
is assumed. This gives the assumption that the erosion of this jet can theoretically be four times higher
than it shows in this configuration.

(a) Sand at the water surface (b) Sand at 0.3 m water depth

(c) Sand at 0.55 m water depth (d) Sand at 1 m water depth

Figure 8.4: container after erosion for different water depths, with jet approaching from the left

Noticeably the initial erosion velocity for the formulas increases before it decreases. Appendix N
shows the measurement points from which these graphs are plotted. The initial increase might be due
to the measurements at the water surface being less accurate due to the low water percentages at
this location. Another possible explanation is that the jet is curved slightly upwards after penetrating
the waterline. This results in the jet not jetting straight into the sand bed but shearing over the sand
bed, as can be seen in Figure 8.4. Here the container is shown after the jetting of the erosion and
the resulting sand bed is visible. Figure 8.4a shows the sand when the container was at the water’s
surface. From this, it seemed that the jet was jetting straight into the sand and created a hole in the
length of its trajectory. This would result in a less than optimal production. In Figure 8.4b it looks as if
the jet was curved and sheared over the packed sand bed and deposited the sheared sand outside of
the container. Image 8.4c seems to show a more sheared hole as well. Image 8.4d seems to have the
least production. The sand seems to be sheared away from the container, but the large water depth
made the velocity above the bed less than for Figure 8.4b and 8.4c, resulting in less production.

The erosion scales with 𝑛2.8𝐿 or 𝑛3𝐿 , as demonstrated in Chapter 3.13. Where 𝑛𝐿 was chosen as
0.5. As mentioned in that same chapter the scaling of the production is subject to inaccuracies when
compared to the test if it were done at full scale, this is discussed more in depth in Chapter 9.
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Discussion

Some of the sections of this report allow for speculation about whether the data is entirely trustworthy
or if there was possibly an error in data collection or processing.

9.1. Expectations
At the start of this research, the expectation was to find the sections of the set-ups that influenced the
velocity at the erosion location the most. During testing, before the data was analyzed, the straight jet
set-up seemed to be the most coherent jet and was therefore expected to perform the best. The end
bend set-up and flap set-up seemed to entrain a lot of air above the waterline and were expected to
have very low erosion velocity under the water. From the conclusions drawn in this report, it seems
that the erosion velocity difference between the set-ups is very small, which was not expected during
testing. From the data, it follows that the velocity of the jet is roughly the same at water depths with
small differences between set-ups. This is likely due to the air entrainment of the jets creating an air
layer between the water jet and the stagnant water which has the jet entrain air while below water which
does very little to slow down the jet. The difference between the set-ups in measured pressure and
water percentage seem to roughly cancel each other when these are used to calculate the velocity, on
which the erosion functions are based.

At the start it was also expected that even a small layer of water would have significant conse-
quences for the production of the jet when it reached the sand bed. This was also not entirely true, as
shown in Figure 7.6. Where the first halve a meter of water depth barely influenced the production of
the jet. This might be due to the air entrained into the water shielding the water from the influence of
the stagnant water.

9.2. Accuracy of jet centrum determination
The experiments were all done by placing the measurement devices in the jet center by hand, where
the possibility of human error is rather large. The chance of the pitot tube being not in the jet but next
to it during at least one of the tests is pretty significant. When the jet at the measurement location was
very wide, or the pressure was very low it was difficult to accurately find the jet center. Some mistakes
might be made in this aspect.

9.3. Scaling issues
The scaling was done according to Froude since the water segment below the water was regarded as
the more important segment, where Froude is the more important factor. Scaling according to Froude
was also more approachable than scaling according to Weber. If these tests were scaled according to
Weber the results might differ. To know this the tests should be repeated with different scaling or at full
scale.

The scaling was done according to Froude, but assuming it was done according to Weber would
result in the prototype size being equal, but the pressure assumed for the prototype would be 3.6/2
bar, which equals 1.8 bar. This corresponds to a velocity of 19𝑚/𝑠. This is not close to the actual
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scenario and underestimates the pressure and velocity significantly. Meaning the results presented in
this report would not accurately portray the prototype. To verify whether the correct scaling factor was
applied here the test should be repeated with scaling according to Weber.

As mention in Chapter 3.13 the scaling of the experiment to the prototype was subject to different
scaling factors, resulting in scaling issues between the two. The scaling of erosion was also mentioned
in Chapter 3.13 and did not correspond to the desired scaling of the erosion.

9.4. Conductivity senors unreliability
For applying the values measured by the rods with conductivity sensors in the air multiple different
formulas were considered, as mentioned in Chapter 6. An acceptable formula was found, but the
measurements in the air might not be that reliable. This is likely due to air giving a ’zero’ measurement
when it blocks out two measurement points, as shown in Figure 6.2b. This is regardless of the size of
the air bubble but happens when the two points can not form a conductive bridge, due to even a small
air film. This problem happens in the air but is not present when these rods with conductivity sensors
are used in sand, where they are more often used. Since there they can still create a conducting
bridge. This means that the water percentage might not always be accurately measured, especially at
low water percentages where a lot of air is present.

Most inaccuracies of the water percentage interpretation of the conductivity sensors happened at
low water percentages. Making the data with low water percentages the most likely to be incorrect. The
method of interpretation of the rods with conductivity sensors can still be improved upon, especially at
low water percentages. Since in this report, the most important segments were with larger water per-
centages the interpretation by way of Archie’s law with a factor was sufficient. For follow-up research,
the interpretation of the conductivity sensors can be expanded upon.

9.5. Pitot tube inaccuracies
Since the stagnation pressure measurements at this location were done by a pitot tube in the air with
very little water there is room for error at this segment of the set-up. The small amount of water in air
measurements was confirmed both by the conductivity sensors and visually. The velocity is determined
from the stagnation pressure and the calculated density by using Formula 9.1, which is a rewritten
version of Formula 6.1 and Formula 3.28. The transition from air to water is also an imprecise part of
the jet trajectory, as mentioned in Appendix N. Where the pitot tube might still entrain air into the tube
due to not actually being submerged due to the air sheath around the pitot tube.

𝑣 = √2𝑝𝜌 (9.1)

The pitot tube in air has also air coming into the pitot tube and not just water. The air might enter
the impulse tube and act like a kind of cushion between the water and pressure sensor. This could
dampen the signal and reduce the measured pressure peaks.

The pitot tube measured the stagnation pressure with a sample rate of 1 Hz, this might have influ-
enced the measurement. Since it is not clear whether the pitot tube takes the largest pressure value
during this second or averages the pressure out or gives the pressure from a specific moment.

When the pitot tubemeasured the jet while underwater, it was visible that the jet was jetting in pulses.
The jet did not have a constant pressure specifically at larger distances. This might have influenced
the pressure measurements of the pitot tube underwater, also due to the low measurement frequency
of the pitot tube. In the same way, fluctuating pressure influenced the pressure measurements of the
pitot tube in the air as discussed above.

9.6. Water temperature influences
The temperature in the laboratory can have influenced the results of the test. When water temperature
increases with 1 degree Celsius the conductivity increases with 2%. This means that the conductivity
sensors might have given larger conductivity values on days where it was warmer in the lab. In the
experimental set-up the water volume used was rather large and all test were executed during the
winter, likely the temperature fluctuations of this body of water were very small.
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To offset the temperature fluctuation every testing day the maximum and minimum value of the
conductivity sensors were set by measuring in air and water to have the range of the sensors for each
testing day. This reduces the influence of the temperature on the measurements but still has some
influence on the final data.

For the tests with small water amounts, like the cylinder and gravel test the temperature might have
been more influential. For these tests the range of the conductivity sensors was also determined. All
cylinder test were conducted on the same day, as were the gravel test. Having very little temperature
fluctuation within the test themselves.





10
Conclusions and recommendations

10.1. Conclusion
From the acquired data it became clear that the bend in the set-up negatively influenced the coherence
of the jet and added a secondary rotational flow in the exiting jet. Though this negative influence was
significantly less when a straight segment was added after the bend before the nozzle.

The flap reduced the coherence and velocity at increasing water depths of the jet. To possibly
increase performance in the prototype the flaps should be removed to make the jet more coherent and
have a larger velocity than it would have at the same water depths with a flap. This would however
create other possible issues regarding the silting of the pipes.

From the graphs in Chapter 7 for all set-ups the velocity decreased significantly after penetrating
the waterline, whereas there was little to no velocity decrease before the waterline penetration.

From Figure 8.1c, which shows the velocity of the four configurations below water, it follows that
there was some difference between the jets, where the end bend and the flap performed the worst.
Whereas the straight jet up performed the best, closely followed by the middle bend set-up. The veloc-
ity difference between the two sets might be larger than determined here since low water percentages
seem to overestimate the velocity and the two worst-performing jets had very low water percentages.
The water percentage followed the same order as the velocity profiles, which means that the air en-
trainment is much larger at the worst performing jets and were visibly less coherent than the straight
pipe lay-out. To more accurately verify the claims made in this report will require more research in the
interpretation of the fluid density through the conductivity sensors and the actual erosion of the different
set-ups.

When approaching the erosion with water percentage as governing factor by using the pick-up
functions of Winterwerp and van Rijn (2018), the data was nearly constant over the entire range of
water percentages, meaning that the resultant erosion of all the set-ups is comparable. This might be
different for different jet set-ups and would require more research.

The production as determined by the erosion test is barely influenced by the first half a meter of
water, this is most likely due to air entrainment by the jet forming a sheath around the water jet which
prevents the stagnant water from slowing down the jet velocity.

10.2. Recommendations
According to the fluid flow measurements presented here, the set-up of the jet has minimal influence
on the actual erosion happening, though this could be verified by repeating the tests done with the sand
container using the different jet set-ups, to make sure this theory holds in practice. Since the current
research might not be all-inclusive, more data and research would be needed to verify this claim.

The angle of the jet was hypothesized to influence the entrainment during water penetration in
Chapter 3.3. Due to time constraints, the angle of the jet was never changed and was 40 degrees for
all the tests. This might be of influence on the jet still and should be tested using the same or a similar
setup. That way the data of these tests can be compared to each other to determine the influence of
the incoming angle.
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To compare the erosion of the different jet configurations more accurately the erosion test should
be done for all four configurations. To verify if the erosion is actually constant for all the set-ups as
claimed. Comparing the erosion from the tests with sand can give a more accurate comparison than
comparing the velocity of the jets at increasing water depths.

The interpretation of the water percentage through the rods with conductivity sensors also remains
uncertain. Further research in this area is needed. Archie’s law with the factor used in this report is
acceptable for larger water percentages but falls short at low water percentages. Since the conductivity
sensors are more often used in sand where the conductivity is influenced differently than in air, this is
due to the sand still leaving some room for the water and the air that can disrupt the measurement with
thin layers of air covering the electrodes.



A
Small scale tests

(a) Inclined sand set-up (b) Jetting in water (c) Water tank used

(d) Break up length of a jet

Figure A.1: Pictures of the small scale tests

Some small-scale tests were done to become familiar with the subject matter before the set-up was
designed.

A.1. Inclined sand erosion
The first quick set-up consisted of a tub filled with water with a wooden board in it, which has a 90-
degree angle, as shown in Figure A.1a. The sand was loaded onto this board after which it was jetted
away with a fire hose at a constant distance. This was done multiple times with different submerged
levels of fine sand resulting in slightly different set-ups. This set-up was done to get acquainted with
the physical aspects of the subject.
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A.2. Water depth penetration of the jet
The second test consisted of a perspex box filled with water with sand at the bottom, as shown in Figure
A.1c and Figure A.1b. This was done to check the penetration depth of the jet with different heights,
angles, and different levels of turbulence. By changing the height, angle, and nozzle the turbulence and
travel distance could be influenced. What was noticeable was the depth of influence of the jet matched
the visual depth of the bubbles. When the bubbles didn’t reach the bottom of the water tank the sand
wouldn’t erode. The angle caused the jet to penetrate to lesser depths, but since the tank was very
small the influence of the wall made conclusions difficult. Making the jet turbulent resulted in a lesser
penetration depth than very coherent jets. Salt was added to this tank halfway through the test with no
visually noticeable influence on the penetration depth of the bubbles or the bubbles themselves. Since
the visual measurements are limited in accuracy this might not be the actual case.

A.3. Pitot tube testing
A third test was done to check the measuring capabilities of a pitot tube in a turbulent jet in air. Expec-
tations of air bubbles entering the pitot tube and influencing the measured pressure turned out to be
false. The pitot tube gave a decent pressure reading as long as the pitot tube was positioned directly
into the jet. When it was under a slight angle compared to the center of the jet the measurements
quickly became unreliable. Measuring the pressure at multiple distances gave a very rough graph of
the pressure decay over distance. Using a video camera the accompanying break-up length could
visually be determined.

A.4. Break up length tests
A couple of tests were done concerning the breakup length. For this, the water was jetted horizontally
and with a camera, the visual break-up length was determined. For a jet with 5 bar and a nozzle
diameter of 30 mm, the visual break-up length occurred around 2 meters from the nozzle. For a fire
hose with a pressure of 1,47 bar and a nozzle diameter of 6mm, the break-up seemed to occur at 0.9m
from the nozzle.

Specifying the exact location of the break-up length is difficult due to the mist of water surrounding
the center line of the jet. The visually determined break-up lengths did not seem to match the break-up
lengths from the literature. Leading to the assumption that the break-up length is better determined
visually than mathematically. Most likely due to the break-up length depending on a lot of factors that
aren’t part of the formulas. Such as the nozzle roughness and geometry and the inflow of water into
the nozzle.

A.5. Key takeaways
From these small tests, some noticeable things happened which will require more in-depth research or
should be taken into account during the actual final set-up. The jet was creating a burrow at the location
of impact and subsequently filling that indentation with water. Which is to be expected when looking
at the actual scenario from which this was derived. What was interesting was that it seemed like the
jet was breaking up before it hit the break-up length found in the literature. After measuring beside a
ruler it looked like the distance before the break length was reached was very short in comparison with
what was expected. Though this should be re-evaluated with more accurate cameras. If the water jet
didn’t travel the entire distance through the air but covered the last part of the distance sliding over the
diagonal wall seemed to have a relatively strong impact on the submerged sand. A jet sliding along the
wall has very little aeration while covering the distance but is subject to the shear stress the wall exerts
on the water. Besides this, the jet no longer has a break-up length since it isn’t traveling through the
air. When the water jet clings to the side the thickness of the jet is less than it can be in the air. This
speeds up the process of velocity reduction in the center of the jet. The air cavity due to plunging is
also likely to be less when the jet sticks to the wall since the air can only enter from one side. This is
likely to reduce the number of bubbles created during the water line penetration.
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Drawings of set-up components
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Figure B.1: Drawing of the base for the cross slide worktable

There is an x-y-table connected to the base shown in Figure B.1 to this x-y-table the frame was
connected. The table made the horizontal and vertical movement of the frame fairly easy.

Using the plate from Figure B.2 the pipes leading to the nozzle could be set under a 40-degree
angle, which was the angle of interest. The pipes were connected using nuts and bolts through the
holes in the attachment.

The frame, as shown in Figure B.3, was used to connect the pitot tube and rods with conductivity
sensors. The rods and pitot tube were set under a matching 40-degree angle with the nozzle forming
an X in the middle of the square.
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Figure B.2: Drawing of the attachment location for the jet
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Figure B.3: Drawing of the measuring part of the set-up



C
Labview script

Figure C.1: Lab view script used

Shown in Figure C.1 is the script used to read the rods with conductivity sensors. the DAQ assistant
collects data which the data shows on the screen when running. Using the Write To Measurement File
the measurements are saved as an Excel file with all of the inputs side by side and the exact time of
the measurement on the left. The data was measured with a sampling rate of 50 Hz.
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D
Conductivity sensor boundary values

This appendix gives the raw data of the conductivity sensors. This data is represented in the graph in
Figure D.1 showing the largest and smallest value of the conductivity sensors when slowly lifted out of
the water. The measured voltage is given on the y-axis and the number of the measurement on the
x-axis. Where the conductivity sensor measured with a sample rate of 50 measurements per second.
This graph is only for point 𝑉𝑜𝑙𝑡𝑎𝑔𝑒_9, the other conductivity sensors gave similar graphs but with
slightly different upper and lower values. This is why voltage percentages are used in the calculations
instead of the absolute voltage values. Where the lowest value is taken as 0% and the largest value
as 100%, which in this case corresponds to 8.6V and −3.43V

Figure D.1: Voltage_9 measurement points at transition from water to air

Figure D.2 shows the numbers which are used to create the graph in this appendix. These are
some of the given voltage values at the during the test from water to air for measurement points from
𝑉𝑜𝑙𝑡𝑎𝑔𝑒_1 to 𝑉𝑜𝑙𝑡𝑎𝑔𝑒_9. The graph for the transitory segment from 𝑉𝑜𝑙𝑡𝑎𝑔𝑒_9 is given in the above
Figure D.1.
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Figure D.2: Raw data from conductivity sensors from water to air



E
Raw data

E.1. Regular tests
This section shows the data used to construct the density and water percentage over distance above
and below water. The first column, 1 shows the date on which the experiments took place, the second
column, 2 shows the test that day. Then it gives whether it was above or below water, 3. Then it gives
the vertical distance below the water and then the distance in the jet traveling direction from the nozzle
to the frame, 4 and 5. Then it says what set-up was used in this test, 6. The following numbers are
the maximum and minimum values of that measurement point that day, 6 an 7 for V9 and 10 and 11
for V10. The subsequent number is the average voltage during the measurement, 9 for V9 and 12 for
V10. The final two columns. 13 and 14 are the absolute and relative pressure of that measurement.
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Figure E.1: Data normal tests

E.2. Sand tests
These numbers give again the date and number of the test that day. Followed by the weight before
and after the jetting, succeeded by the time the pump was on. Next, it gives the water depth of the con-
tainer followed by the depth of the frame during the subsequent test. Followed again by the maximum,
minimum, and average voltage of that measurement.
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Figure E.2: Data sand tests

E.3. Profile tests
These data sets were used to create the profiles of the jets. First giving the set-up, vertical water depth,
and distance from the nozzle to the measurement frame. Then the vertical location of the frame in mm
as a distance from the jet center. Then it gives the pressures and average voltages corresponding to
this location. On the bottom are the maximum and minimum voltages of these measurement points.
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Figure E.3: Data profile tests





F
Peristaltic hose pump data

A peristaltic hose pump was used to verify the air-water percentages. This pump pumps up a constant
volume at every rotation. When a verification measurement is taken from stagnant water this can be
compared to measurements of water with air mixed in. From this, the water and air percentages in the
mixture can theoretically be determined.

The pump was used during the jetting tests to determine the water percentages at the jet location
to verify the water percentages given by the conductivity sensors. This was done by zip-tying the tube
to the frame with the opening of the hose next to the pitot tube. There was some uncertainty about
whether the peristaltic pump prioritized water over air when taking in its constant volume. To determine
this some tests were done, first in stagnant water, then in an air-water mixture from the cylinder tests.

Figure F.1: Water percentage peristaltic pump and water percentage from cylinder

Figure F.1 shows the water percentage according to the peristaltic pump plotted against the water
percentage according to the volume increase from the bubble pipe, with the raw data shown in Figure
F.2. This graph shows that the peristaltic pump underestimated the water percentage for nearly all
verified points. This can be due to the tube more easily sucking up air than water. The peristaltic
pump was positioned vertically in the bubble pipe test as can be seen in the figure in Appendix K. This
might have prioritized the rising bubble over the water. The peristaltic pump in the actual set-up next
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to the pitot tube might also have prioritized air, since the water passed the hose inlet with a velocity of
26, 8𝑚/𝑠 which might have made it difficult for this pump to take in the water.

Figure F.2: Raw data from the peristaltic pump in the cylinder

Besides the data not being reliable the peristaltic hose pump had accuracy issues. When the stag-
nant water test was repeated multiple times for the same speed setting it returned different water vol-
umes. The peristaltic pump in the experimental set-up was turned on for a constant amount of time,
which was then compared to the zero measurement taken from stagnant water. During the bubble
pipe test, when the peristaltic pump data were verified the time needed for 50 rotations was deter-
mined multiple times. The time needed differed between 19 to 22 seconds. Making the peristaltic hose
pump unreliable and the data not usable.



G
Sand particle properties

Figure G.1 shows the sieve size and the percentage of sand that passes through it. Figure G.2 shows
the diameters of the sand sample that was tested.

Figure G.1: Sieve size and percentage sand passed through
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Figure G.2: Sand diameter



H
Visual diameter approximations

Figure H.1 gives the estimated diameter at the distances from the nozzle.

Figure H.1: Visual diameters

Figure H.2 shows four images of the straight jet set up at a distance of 0.5, 1, 1.5 and 2 meters
distance in the direction of the jet.
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78 H. Visual diameter approximations

(a) 0.5𝑚 from the nozzle in the direction of the jet (b) 1𝑚 from the nozzle in the direction of the jet

(c) 1.5𝑚 from the nozzle in the direction of the jet (d) 2𝑚 from the nozzle in the direction of the jet

Figure H.2: Jet diameter from the straight set-up at four different distances



I
Bubble pipe test

(a) Cylinder during a test (b) Small amount of air in the cylinder (c) The cylinder in rest

Figure I.1: Images of the bubble pipe test

For the cylinder test where the air was pumped into a known water volume the cylinder as shown
in Figure I.1c was used. As visible in Figure I.1a more air is pumped into the water volume than was
pumped in the cylinder in Figure I.1b. The conductivity rod is connected to a piece of wood together
with the peristaltic pump to be able to connect the volume of water pumped with the voltage measured
by the rod. This test was repeated multiple times with varying air concentrations to create the points
used to calibrate the rods with conductivity sensors.

Figure I.2 shows the raw data from the cylinder test next to the same data in a graph. Where the
x-axis shows the water percentage, between 80% to 100% and the y-axis shows the corresponding
voltage percentage determined from the average volt measurements using the maximum and minimum
value measured that day.
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(a) Raw data cylinder test (b) Water percentage plotted against volt percentage

Figure I.2: Data from the cylinder test



J
Gravel test

The gravel used for the different gravel tests is shown in Figure J.2 with size decreasing from left to right.
These gravels were first dried in an oven at 100 degrees Celsius for 24 hours to remove all the moisture
and cooled before use to make sure the water temperature was not influenced by the temperature of
the gravels. The idea of this test was comparable with the tests in the cylinder as shown in Appendix I.
These rocks made it possible to measure water percentages that were not reachable using the cylinder
tests.

Figure J.1: Raw data gravel tests
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82 J. Gravel test

(a) Largest gravel size (b) Medium gravel size

(c) Smallest gravel size

Figure J.2: Rocks used for the gravel tests



K
Bubble size image

As mentioned the bubbles visible in the cylinder all had roughly the same sizes. Figure K.1 shows an
underwater picture during the test where the same can be seen for the inclined plunging jet.

Figure K.1: Still image of bubbles during testing
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L
High speed imaging

Figure L.1 gives the first three and the last images used in the high speed imaging. The distance
covered was 0.799m in 29 frames. The used camera had an fps of 960 frames per second. Which
resulted in a velocity of 26.45 𝑚/𝑠

(a) 1st frame (b) 2nd frame

(c) 3rd frame (d) 29th (last) frame

Figure L.1: Four frames from the high speed imaging

Figure L.2 shows the raw data used for the points of high speed imaging in the data sets. For both
the distances of 1.9 and 2.3 meter.
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(a) Raw data high speed imaging 1.9 m (b) Raw data high speed imaging 2.3 m

Figure L.2: Raw data high speed imaging



M
Conductivity sensor factor clarification

The factor applied was found after determining the velocity and volumetric flow rate of a the jet at a
distance of 2.3𝑚 from the jet nozzle in jet traveling direction. The pressure measured using the pitot
tube and the water percentage are shown in Figure M.1. The water percentage was determined using
the measured pressure and the constant velocity of 26, 8𝑚/𝑠 determined using the high speed images.

(a) Relative pressure (b) Water percentage

Figure M.1: Pressure and water percentage of jet

When using the visually determined water velocity and the pressure measured by the pitot tube the
water percentage can be determined. When this was done for the entire width of the jet and used to
calculate the volumetric flow rate of the jet it turned out to be much higher than the volumetric flow rate
at the nozzle. Figure M.2a gives the water percentage according to Archie’s law as a function of the
distance of the jet center.

Figure M.2a has most of the measurement points on the trend line, with the first one being a large
outlier. This point is significantly far of the other points that it is most likely a measurement fault.

Taking the diameter of the jet the water percentage could be plotted for certain distances from the
jet center, as shown in Figure M.2a. Integrating the water percentage over the surface area of the ring
around the jet allowed for the calculation of the volumetric flow rate over the entire surface of the jet.
The surface areas with the corresponding water percentages can be integrated to find the total water
volume over the entire jet surface, where the outer edges weighed heavier, since the surface area was
larger there. Calculating the flow rate using these water percentages and surface areas resulted in
a significant overestimation of the volumetric flow rate of the jet, where the surface underneath this
plotted line corresponded to a volumetric flow rate of 142 𝑚3

ℎ𝑟 . The volumetric flow rate at the nozzle is
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(a) Volumetric flow rate (b) Velocity profile

Figure M.2: Graphs for the jet with no factor

known and should be constant over the length of the jet. With the calculated volumetric flow rate more
than 3 times as large as the established volumetric flow rate of 41 𝑚3

ℎ𝑟 the possibility of a factor over
the measurements was considered.

To have the calculated volumetric flow rate match the volumetric flow determined by the flow rate
meter a factor had to be applied somewhere in the interpretation of the data. The pressure measured
by the pitot tube was more likely to be inaccurate than the velocity according to the high speed imaging,
due to possible pressure measure errors for the pitot tube while in air, as mentioned in Chapter 9. This
is why a factor of 0.5 was applied to the pressure given by the pitot tube.

The calculated volumetric flow rate with this factor corresponds with the determined volumetric flow
rate, where the graph for this is given in Figure M.3a. Where the surface area beneath the line matched
the nozzle exit flow rate of 41 𝑚3

ℎ𝑟 .

(a) Volumetric flow rate (b) Velocity profile

Figure M.3: Graphs for the jet with a factor of 0.5

As shown in Figure M.3b the velocity calculated when this factor was applied was larger than the ve-
locity when calculated without the factor. When comparing Figure M.3a and Figure M.3b it is noticeable
that the velocity is significantly overestimated when the water percentage is low, 5% or less.

Without the factor the calculated volumetric flow rate did not match the determined volumetric flow
rate, but the velocity was close to the theoretical data. The opposite was true for the calculation when
the factor of 0.5 was included, where the volumetric flow rate matched but the velocity was somewhat
overestimated. As was stated in this report at low water percentages the calculated voltage percentage
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interpretation could overestimate the velocity. For the calculations including the factor at the center, jet
measurements were still relatively close to the 26, 8 𝑚

𝑠 , but became unreliable at further distances
where the water percentages decreased below 5%.





N
Erosion graph data

The graph from Chapter 7.7 shows the production as a function of the vertical water depth. Where the
functions of Winterwerp, van Rijn (2018), and Cheng are plotted. These functions are based on the
points given in Figure N.1. The points here are not lined up, this is because the calculated production
is determined from the water percentage and pressure. These two values were in the experiment not
always accurately lined up with the theory. Figure N.2 shows the raw data used to calculate the van
Rijn, Winterwerp, and Chang production.

𝑣𝑒 =
𝐸 − 𝑆

𝜌𝑠(1 − 𝑛0 − 𝐶𝑛𝑏)
𝐸 = 𝜙𝑝𝜌𝑠√𝑔Δ𝐷 (N.1)

Using the acquired data shown in Figure N.2 the velocity was calculated using the pressure and
water percentage. With the pick-up functions of Van Rijn (2018), Winterwerp and Chang given in
Formula N.2.

𝜙𝑝 = 0.00033𝐷0,3∗
1
𝜃 (
𝜃 − 𝜃𝑐𝑟
𝜃𝑐𝑟

)1.5 𝜙𝑝 = 0.012𝐷0.3∗ (𝜃0.5 − 1.3) 𝜙𝑝 = 0.0001𝐷2.5∗ (𝐹∗𝑒𝑥𝑝(−
40
𝐹∗
))
(N.2)

Where 𝜃 is the shields parameter, 𝜃𝑐𝑟 is the critical shields parameter, according to [Brownlie, 1981],
𝐷∗ is the dimensionless particle parameter and 𝐹∗ is the densiometric Froude number as shown in
Formula N.3.

𝜃𝑐𝑟 = 0.22𝑅0.6𝑝 + 0.06 exp(−17.77𝑅−0.6𝑝 ) 𝜃 = 𝜏
𝑔(𝜌𝑠 − 𝜌𝑤)𝐷

𝐷∗ =
3√Δ𝑔
𝑣2 𝐷 𝐹∗ =

𝑢
√Δ𝑓𝐷

(N.3)

Where 𝑅𝑝 is the particle Reynolds number,Δ is the specific density and 𝜏 is the shear stress, as
shown in Formula N.4

𝑅𝑝 =
𝐷√Δ𝑔𝐷
𝑣 Δ = 𝜌𝑠 − 𝜌𝑤

𝜌𝑤
𝜏 = 𝑓

8𝜌𝑚𝑢
2 (N.4)

The values used to solve these equations and use the resulting pick-up functions in Formula N.1
are given in Table N.1. Where besides the constants the velocity and mixture density is shown to be
the variables that change at increasing water depths. The velocity and water percentage are given
in Figure N.2 and together with the formulas mentioned in this appendix result in the graph shown in
Figure N.1.

Using these pick-up function values the erosion, 𝐸, was calculated which in turn resulted in the
erosion velocity, 𝑣𝑒, also shown in Formula N.1.

Where 𝑆 is the settling flux and is taken as 0. To determine the volume of sand eroded during the
30 second erosion test a spherical erosion crater was assumed. Taking an initial radius for this sphere,
which was chosen as equal to the nozzle radius of 1.25𝑐𝑚, and adding the erosion velocity times the
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92 N. Erosion graph data

Symbol Value Unit
Gravitational Acceleration G 9.81 [𝑚/𝑠2]
Density Sand 𝜌𝑠 1522 [𝑘𝑔/𝑚3]
Density Water 𝜌𝑤 1000 [𝑘𝑔/𝑚3]
Particle Diameter 𝐷 0.000116 [𝑚]
Friction Factor 𝑓 0.03 [-]
Kinematic Viscosity 𝑣 10−6 [𝑚2/𝑠]
Bed Porosity 𝑛0 0.4 [-]
Near Bed Concentration 𝑐𝑛𝑏 0 [-]
Time 𝑡 30 [𝑠]
Initial Radius 𝑟𝑖 0.0125 [𝑚]
Velocity 𝑢 Variable [𝑚/𝑠]
Mixture Density 𝜌𝑚 Variable [𝑘𝑔/𝑚3]

Table N.1: Table containing the constants used for the production calculations

time resulted in an estimation for the size of the radius of the resultant crater. The volume of this crater
is calculated using the formula for the volume of a sphere times 0.5. The production per second is taken
as the volume divided by the erosion times, which in this case is 30 seconds, as shown in Formula N.5.

𝑟𝑟 = 𝑟𝑖 + 𝑣𝑒𝑡 0.5𝑉𝑠𝑝ℎ𝑒𝑟𝑒 =
2
3𝜋𝑟

3
𝑒 𝑃 =

0.5𝑉𝑠𝑝ℎ𝑒𝑟𝑒
𝑡 (N.5)

Where 𝑟𝑟 is the resulting radius, 𝑟𝑖 is the initial radius and 𝑃 is the production.
As mentioned in Chapter 3.9 the friction factor was determined through a Moody diagram by use of

the relative roughness and the Reynolds number, which resulted in a friction factor of 0.03.

Figure N.1: Jet production at increasing water depths

The calculated points in Figure N.1 first move slightly upwards before they start decreasing. This
can be verified with the raw data in Figure N.2. It is likely that the increase is due to the first few
measurements being above water due to the air sheath forming around the jet and pitot tube and the
actual waterline penetration of the jet is not at the 0 mark but later, as shown in Figure 5.1c. The pitot
tube likely measures different in water and air making the transition between the two somewhat unclear,
as discussed in Chapter 9.
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Figure N.2: Raw data from the erosion tests





O
Full graphs for all set-ups

The graphs in the report did not show some points that were deemed to be inaccurate or untrustworthy.
Most notably due to low water percentages that resulted in unexpectedly high velocities, as can be seen
in Figure O.1. The end bend had the most points that were left out in the report and shown here in the
appendix. This is due to the edges of the jet having an unexpectedly high velocity from the measured
water percentage and pressure.

(a) Pressure profile (b) Water percentage profile

(c) Velocity profile

Figure O.1: Full jet profiles at a distance below water in direction of the jet
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P
Non optimized velocity graphs

The velocity graphs shown in the report are optimized. Where the peak of the density and pressure
graph are placed on top of each other for the resulting velocity graph. Th graphs shown in Figure
P.1 are the result when the pressure and density from the same measurement location are used to
calculate the velocity graph. Most notably for the straight set-up velocity profile above water, given in
Figure P.1a. This one has a kind of wave where the left part likely underestimates the velocity and the
right segment overestimates it, since the velocity was determined to be around 26, 8𝑚/𝑠 using high
speed imaging.

(a) Velocity profile above water (b) Velocity profile below water

(c) Velocity profile bends (d) Velocity profile flap

Figure P.1: Velocity profile without moved percentage profile
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Q
Pictures of the jet in the air

(a) Straight (b) Middle bend

(c) End bend (d) Flap

Figure Q.1: Side view from the four jet set-ups
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100 Q. Pictures of the jet in the air

In Figure Q.1 high shutter speed images of the four different jet set-ups are shown. The black
boards behind the jet were placed there to increase the contrast and make the jet more visible when
looking at it. Here the air entrainment into the jet is visible and shows how there is much more air in the
end bend set-up jet, Figure Q.1c, than in the straight jet, Figure Q.1a. What is somewhat less visible
is the flatness of the jet with the flap attached to the nozzle, Figure Q.1d. The other three jets were
roughly circular, but the jet with the flap was significantly flatter due to the flap pushing the water jet
down. From these pictures, it looks like the flap is somewhat comparable to the set-up with the middle
bend, which was not the case.



R
Full graph both bend set-ups

The graphs in the report did not show some points that were deemed to be inaccurate or untrustworthy.
Most notably due to low water percentages that resulted in unexpectedly high velocities. Here the
profiles from Chapter 7.4 are plotted with the initially removed segments. As visible in FigureR.1 the
low water percentage with a low-pressure results in high velocities at the edges of the jet, which is
highly unlikely.

(a) Pressure profile (b) Water percentage profile

(c) Velocity profile

Figure R.1: Full graphs for the bend set-ups above water
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S
Pictures of the nozzles

As visible in Figure S.1 the nozzle is not entirely concentric but has a small straight part at the end. This
most likely also somewhat influenced the jet at the nozzle exit. In this figure, the jet at the exit of the
nozzle is shown. It is visible that it influences the jet and its further trajectory. With the width increase
of the straight, Figure S.1a, and middle bend, Figure S.1b, being somewhat comparable. The diameter
of the jet from the end bend, Figure S.1c, increased after a small constant width. The flap, Figure S.1d,
increased instantly due to the flap pushing down and flattening the jet right as it exits the nozzle.
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104 S. Pictures of the nozzles

(a) Nozzle during the straight set-up (b) Nozzle during the middle bend set-up

(c) Nozzle during the end bend set-up (d) Nozzle during the flap set-up

Figure S.1: Close up from the nozzles during the four set-ups
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